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ABSTRACT 
 
Torrecillas Lagoon in the North Coast of Puerto Rico has experienced 
extensive anthropogenic influence over the past 400 years. Elevated concentrations of 
Potential Toxic Elements (PTEs) have been reported in surficial sediments. The main 
goal of this dissertation was to implement in Puerto Rico the use of benthic foraminifers 
as a bioindicators of PTEs and to compare the impact of Cu(II) on field samples with 
results of experimental work using cultures. 
Analyses included geochemical assessment for bulk and carbonate- 
soluble bioavailable concentrations of PTEs in surface, core and pore-water samples, 
as well as analyses of grain-size, Percent Total Organic Carbon (%TOC), Percent 
Carbonate (%CO3), foraminiferal assemblages and distribution, and ecological indices. 
PTEs of concern (Cu, Zn, Ni, Pb, Cr, As, Li, Se, Fe, Mn, V, Se) have relatively uniform 
spatial distributions. Areas with higher concentrations are associated with higher %TOC 
and %mud, as well as with anoxic conditions. Temporal distributions show limited 
variability although an overall decrease in enrichment indicates improvement of 
environmental conditions in the 20th century. 
Ammonia beccarii, Quinquloculina rhodiensis, Q. seminulum, and 
Ammobaculites agglutinans are the dominant foraminifers in the lagoon and are 
characteristic of stressed coastal environments. Several PTEs, including bioavailable 
Cu and Zn are negatively correlated with the dominant foraminiferal taxa and with 
x 
 
diversity indices, indicating that these pollutants are influencing the spatial and temporal 
distributions of foraminiferal assemblages. Ammonia beccarii abundance negatively 
correlates with bulk concentration of Cu(II) and exhibits no correlation with its 
bioavailable fraction. These observations suggest that fractionation and bioavailability of 
PTEs need to be considered more in depth as influences on ecological indices and 
foraminiferal behavior. Exchangeable and oxidizable fractions are considered the most 
likely to influence the ecology of foraminifers under most circumstances. 
Ammonia aomoriensi was exposed to Cu(II) concentrations (0–0.32 
µmol/L) under controlled conditions (25ºC, 35PSU and pH= 7.8). After a 23-day 
treatment, foraminifers exposed to 0.22 and 0.32 µmol/L concentrations exhibited 
reduced growth and morphological deformities in which the long axis of the chamber 
extended ventrally, increasing the height of the trochospire.  
The waters in Torrecillas lagoon show strong stratification, with 
hypoxic/anoxic (DO <3 mg/L) and corrosive (pH< 7.4) conditions below 4 m depth. The 
presence of such strong gradients in very shallow water represents a dynamic chemical 
environment, with changes occurring on day-night cycles, tidal cycles, and especially 
with storm activity that induces mixing of otherwise highly stratified, very localized 
waters. Recognizing the potential for sequestered PTEs to be mobilized is essential 
insight for coastal management agencies that must assess the risks of existing PTEs 
during coastal engineering activities (e.g., dredge and fill activities) and major storm 
events. 
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CHAPTER ONE 
Introduction 
 
1.1 Regional Overview 
Puerto Rico is the easternmost island of the Caribbean Greater Antilles (Figure 
1.1). Located between 17°15’ and 18°30’ N latitude 65°30’ and 67°30’ W longitude, 
Puerto Rico and its satellite islands (Vieques, Culebra, Mona, and Virgin Islands) are 
surrounded by an insular shelf with a depth up to 200 m (Renken et al., 2002). The shelf 
width varies considerably, from <2 km to the northwest to >25 km on the southwest side 
of the island (Renken et al., 2002).  
 Tidal regimes on the island vary between the north and south coasts. Diurnal 
tides are common on the north shores, semidiurnal on the south shores (Morelock et al., 
2005). Mean tidal range along Puerto Rico’s coastal waters is ~ 0.34 m with neap tides 
and spring tides ~0.2 m and 0.4 m, respectively; maximum tidal range is 0.9 m (Warne 
et al., 2005). 
 Nearshore currents are under the influence of local weather conditions, with 
trade winds as the prevailing wind system. In addition, wave refraction due to complex 
coastal geomorphological features allows for distinct wave and current regimes (Warne 
et al., 2005). Kaye (1959) divided the coasts into five different zone types (Table 1.1) 
(Warne et al., 2005). Such classification is based on morphological features ranging 
from low-lying alluvial plains to limestone cliffs.  
Puerto Rico can be divided into three physiographic regions (Monroe, 1980)  
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(Figure 1.1):  
(1) The Upland region is composed mainly of Cretaceous to Paleogene rocks, 
which serve as the main source of sediments into lakes, lagoons, and coastal settings. 
This region constitutes the principal east-west trending drainage divide of the island 
and, associated with orographic relief (up to 1300 m), the windward northern slopes 
receive more precipitation (2000–5000 mm/yr) than the leeward southern slopes (up to 
1000 mm/yr) due to the rain shadow effect (Renken et al., 2002). 
(2) The Northern Karst region is dominated by Neogene limestones. This region 
is the main source and reservoir of groundwater for the northern coast (Monroe, 1980; 
Rodríguez-Martínez, 1995). This aquifer system has become heavily polluted because 
55% of the island’s manufacturing is found in this region (Skanavis, 1999). 
(3) The Coastal Plain region is dominated by Holocene sediments.  Southern 
coastal plain deposits serve as a groundwater source (Renken et al., 1990). The 
Torrecillas Lagoon study site is found along the northern Coastal Plain region (Figure 
1.1).  
 
1.2 Torrecillas Lagoon (TL) in the San Juan Bay Estuary System  
The San Juan Bay Estuary (SJBE) system is Puerto Rico’s largest estuary 
(Figure 1.1). It was the first tropical island estuary in the National Estuarine Program, 
established in 1993 (Webb and Gómez-Gómez, 1998). The bay is located within the 
Toa Baja, Cataño, Bayamón, San Juan, Carolina, and Loíza municipalities on the north 
coast of Puerto Rico. It comprises approximately 240 km2 of land (drainage basin), of 
which 25 km2 are inundated (Webb and Gómez-Gómez, 1998). Mean annual runoff is 
3 
 
 
 
Figure 1.1: Map of Puerto Rico. A. Location of Puerto Rico. B. Geological subdivisions of Puerto Rico. SJBE: San Juan Bay Estuary; 
TL: Torrecillas Lagoon; GSPRFZ: Great Southern Puerto Rico Fault Zone; CMFZ: Cerro Mula Fault Zone. Stippled lines: Watershed. 
Compiled and modified from Renken et al. (2002) and Warne et al. (2005). 
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Table 1.1: Coastal zone types (from Warne et al., 2005).  
 
 
Coastal Zone Type                                               Description 
 
Type A Highly indented with many small offshore islands; rocky headlands 
and islands are remnants of the Sierra de Luquillo; the shelf is broad 
and shallow. 
 
Type B Large rocky headlands and broad alluvial valleys; the valleys are 
fronted by long arcuate beaches of siliceous sand; along the south 
coast, fringing reefs and sand cays are common; on the west coast, 
reefs occur as far north as Mayagüez. 
 
Type C 
 
A piedmont alluvial plain; narrow beaches of dark-colored siliceous 
sand and andesitic gravel alternating with mangrove swamps; the 
shore is strongly cuspate with deep, somewhat asymmetric 
embayments; fringing reefs occur along part of the shore, and 
further seaward ribbon reefs and sand cays occur along an east-
west trend. 
 
Type D A nearly uninterrupted limestone cliff forms the shore or is separated 
from the shore by a narrow rock or sandy bench; the shelf is very 
narrow; there are scattered patch reefs and caves offshore. 
 
Type E 
(Torrecillas    
  Lagoon) 
Low-lying alluvial plain broken by several large swamps and 
lagoons; cemented sand dunes and Pleistocene reef rock occur 
along most of this stretch, resulting in a shore line of alternating 
rocky coast and sandy beach; the shelf is very narrow; shore-
parallel, cemented dunes are common along the shelf and range 
from submerged to partially emergent; the offshore submerged 
dunes may be as much as 10 m above the sea floor and provide 
habitat for reefs in areas that might otherwise have too high 
concentrations of suspended particulate material. 
 
estimated to be 185 x 106 m3 with suspended-sediment yields exceeding 15,000 
mg/km2-yr (Webb and Gómez-Gómez, 1998). The estuary system extends from Punta 
Vacia Talega (east) towards Isla de Cabras (west). The SJBE system consists of semi-
enclosed bays (San Juan Bay), lagoons (Condado, San José, Corozos, Torrecillas, and 
Piñones), and natural and dredged channels (Caño Martín Peña, Caño San Antonio, 
and Canal Suárez). 
 Torrecillas Lagoon (2.5 km2) falls within the eastern subtidal portion of the SJBE 
 5 
system within the Carolina Municipality (Figure 1.2). The lagoon has an average depth 
of 2.4 m (Gómez-Gómez et al., 1983) and is bordered to the north by the Atlantic Ocean 
(Boca de Cangrejos outlet), by the San Juan International Airport to the west, by urban 
areas on the south, and by the Piñones State Forest Nature Reserve towards the east. 
The lagoon is probably the most complex system within the SJBE due to inflow-outflow 
sources of salt, fresh, and brackish waters (Gómez-Gómez et al., 1983). The only 
sensitive habitats in TL are seagrass beds and mangrove forests (San Juan Bay 
Estuary, 2000) (Figure 1.3).  
 
1.2.1 Climate 
 Weather data (1956–2008) from TL (SERCC, 2009) show a mean annual 
temperature of 26°C (Figure 1.4). Maximum temperature occurs in August (28°C) and 
minimum in January (24°C). Mean annual precipitation is 4.5 inches (11.5 cm) with a 
maximum occurring in November (6 inches, 15.3 cm) and a minimum in March (2 
inches, 5.1 cm). Peaks in temperature and precipitation coincide with the hurricane 
season. 
 
1.2.2 Geology 
Torrecillas Lagoon is located on the north side of the Cerro Mula Fault Zone on the 
Northeast Igneous Province (NIP) of the island (Fig.1). This province consists of Early 
Cretaceous submarine island arc rocks representing a deep marine basin (Schellekens, 
1998). During the Late Cretaceous, subaerial conditions and carbonate deposition 
prevailed (Schellekens, 1998). Further evidence of post-volcanism in the NIP is 
 6 
 
Figure 1.2: Location of Torrecillas Lagoon. Dredge (red) and fill (yellow) areas between 1950-
1971 (from Ellis, 1976). 
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Figure 1.3: Distribution of benthic habitats (from Kendall et al., 2001). 
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Figure 1.4:  Average monthly temperature and precipitation data (from SERCC, 2009). 
 
indicated by Oligocene epiclastic deposits overlain by Neogene (Miocene) carbonate 
shelf platforms.   
 Torrecillas Lagoon consists of numerous distinctive sedimentary deposits. Briggs 
and Akers (1956) described the blanket deposits as being made of quartz sand, clayey 
sand, and sands commonly found in areas of karst topography and in the northern 
Coastal Plains. These deposits around SJBE have been found to be >50 m deep 
(Anderson, 1976). The TL is underlain by blanket deposits (Webb and Gómez-Gómez, 
1998). Approximately three miles west of the lagoon, along the Baldorioty de Castro 
Street, interbedding of these sedimentary sequences occur. Peat (swamp and marsh 
deposits), white plastic clays with minor quartz grains (alluvial deposits), and occasional 
quartz sand (blanket deposits) sequences were found during drilling operations for utility 
lines (personal observation). 
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 1.2.3 Hydrogeology 
 The hydrology of TL is dominated by surface systems. Quebrada Blasina is the 
main source of freshwater to the lagoon coupled with rainfall and storm-water runoff 
(Figure 1.2). Net water inflows into the lagoon from freshwater sources have been 
estimated to be 0.03 cubic hectometers (hm3) (Quebrada Blasina) (Ellis and Gómez-
Gómez, 1976). During intense precipitation, 0.10 hm3 (rainfall) and 1.5 hm3 (storm 
runoff) (Gómez-Gómez et al., 1983) have been recorded. Ellis (1976) noticed that on 
occasions more than half of Quebrada Blasina’s flow comes from sewage treatment 
plant effluents. 
 The groundwater system in the San Juan metropolitan area, hence TL, is located 
within the North Karst Belt (Figure 1.1). The two main bodies are: (1) an unconfined 
aquifer composed of the upper unit of the Cibao Formation and by the Aguada and 
Aymamón Limestones; and (2) an artesian sand aquifer composed of the lower unit of 
the Cibao and San Sebastian Formations (Anderson, 1976). Groundwater 
characteristics for the whole SJBE within the unconfined aquifer (Anderson, 1976) are: 
a yield of <2 L/s, dissolved solids >500 mg/L, and chloride concentration >0.007 mol/L. 
Groundwater is not a source of fresh water for TL because it is seaward of the 
underlying aquifer’s fresh-salt water interface (Gómez-Gómez et al., 1983). Saltwater is 
the main groundwater source for the lagoon (Rodríguez-Martínez et al., 2002). 
 
1.2.4 Water Quality 
Very limited historical or current water-quality data exist for the study site.  
Fourteen water-quality stations were proposed in the management plan of the SJBE 
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(San Juan Bay Estuary, 2000). Of these, only two are located in TL, where data were 
collected every 3–4 months from 2002–2005. Data presented in this section rely on 
limited previous work and are summarized in Table 1.2. 
Below 2 m water depth, anaerobic conditions have been found in the lagoon 
between Punta Mosquitos and north of Quebrada Blasina (Figure 1.2) based on DO 
profiles (Ellis and Gómez-Gómez, 1976). This has been attributed to dredging in this 
area and in Bocas de Cangrejo. Denser seawater injected by flood tides brings DO to 
the relatively deeper parts of the estuary. Suspended solids are removed during ebb 
tide (Ellis, 1976). Since neither wind nor tidal action is strong enough to mix the waters, 
a stratified system forms and impedes vertical diffusion of oxygen (Ellis, 1976). These 
anaerobic conditions serve as nutrient traps and promote phosphorus enrichment in the 
sediments (Ellis, 1976).  
 
1.2.5 Oceanography 
 The lagoon receives and discharges water through three channels. Webb and 
Gómez-Gómez (1998) reported that during a tidal cycle (semidiurnal) the mean net flow 
from and into the study area is: (1) 11,000 m3 of brackish water through Canal de 
Piñones; (2) 230,000 m3 of brackish water through Boca de Cangrejos (outlet to Atlantic 
Ocean); (3) 94,000 m3 of brackish water from Canal Suarez; and (4) 30,000 m3 of 
freshwater from Quebrada Blasina. Tidal range is approximately 60 cm (Bunch et al., 
2000). Longer residence times and increased volume of 110% (Ellis, 1976) have been 
attributed to dredging practices in the lagoon. In addition, infilling has reduced the 
surface area by 10% (Gómez-Gómez et al., 1983). 
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Table 1.2: Water quality data  
†: Average; *: Net load; ^: Range from 1970–1995. 
Parameter 
Ellis and Gómez-
Gómez (1976) 
Ellis (1976) 
Webb and 
Gómez-
Gómez (1998) 
San Juan Bay 
Estuary (2000) 
San Juan Bay 
Estuary (2009) 
- Dissolved Oxygen (mg/L) 
4 at surface and 0 
below 2 m. 
 3–2 1–3.4†  
  
- Specific Conductance 
(milliohms/cm) 
35 at surface and 50 
below 2 m 
 
45000 <1 m and 
50000 >3 m 
depth 
  
44476† 
(microsiemens/cm) 
 
- Temperature (°C) 
    
 
28.29† 
 
- pH 
  
 
8–7^ 
 
 
7.6† 
 
- N (mol/L) as NH4 
 
9.3x10-3† at 12 m 
depth 
    
 
- Total N as N 
  
 
7x10-5–6x10-4^ 
  
 
- P (mol/L) as PO4 
 
7.9x10-5† 12 m depth 
    
 
- Total P as P 
 -0.54* (tonnes) 0.02–0.03^   
 
- Total PO4 
  5x10-3–5x10-4^   
 
- Suspended Sediment 
 
 
18.6 (tonnes) 
   
 
- TOC  
 
 
-8.93* (tonnes) 
   
 
- Fecal coliform (col/100mL) 
  
 
800 
 
1400–62500 
 
      
Material Water Water Sediment Water Water 
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1.2.6 Anthropogenic Influence 
 Torrecillas Lagoon has been extensively altered by anthropogenic activities. 
Besides the work of Ellis (1976) on the lagoons of SJBE, there is no information related 
to historic alteration of water quality. Seguinot-Barbosa (1983) did a thorough historic 
study of the San Juan Bay area from pre-Colombian times until 1980. Pre-Colombian 
settlements, Spanish military compounds, coal mining, landfills, agriculture (sugar 
cane), urban development, deforestation, and dredging have affected the San Juan Bay 
Area (Seguinot-Barbosa, 1983). Wilson (1899) noted that during the late 1800s 
agriculture was a common practice around TL. Pre-Colombian settlements and landfills 
also likely influenced the early history of TL.  
Nowadays, TL is influenced by many point and nonpoint sources of pollution 
(Table 1.3). The Vistamar, Villa Carolina, and Round Hills sewage treatment plants 
discharged into Quebrada Blasina until 1986 when the effluents were redirected 
towards the Carolina Regional Sewage Treatment Plant (San Juan Bay Estuary, 2000). 
The Vistamar sewage collection system occasionally overflows, allowing raw sewage to 
reach TL (San Juan Bay Estuary, 2000). 
 Dredging is also a major factor altering the conditions of the lagoon. Widening of 
Boca De Cangrejos area, mangrove removal for marinas (Vistamar), filling for the 
international airport, and construction of TL’s navigational channel were some of the 
local influences between 1962 and 1975 (Ellis, 1976) (Figure 1.2). Dredged areas up to 
18 m depth have created localized anaerobic conditions within the lagoon (Ellis and 
Gómez-Gómez, 1976). 
Limited previous studies have reported anthropogenic input of several PTE’s and  
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Table 1.3: Sources of Pollution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
other pollutants in TL sediments, waters, and in crab/fish/oyster tissue (Table 1.4). 
 
1.3 Foraminiferal Studies in Puerto Rico 
 Foraminiferal studies, either fossil or recent, in Puerto Rico are limited. More than 
95% of all published data (peered reviewed, open file reports, internal reports, etc.) on 
recent foraminifers occurred between the 1950’s and the 1970’s (Table 1.5). 
The majority of the work done on recent foraminifers was accomplished by George
Point Source Type Location Reference 
    
Sewage Treatment 
Plant 
Raw sewage  
Close to Quebrada 
Blasina 
San Juan Bay 
Estuary (2000) 
Sewage Treatment 
Collection System 
Overflow 
Raw sewage Southern margin of TL 
Combined Sewer 
Outflows 
Raw sewage 
and storm 
water 
Southern margin of TL 
Marina Sanitary 
Discharges 
Raw sewage 
Northern and southern 
margin of TL 
    
Dredging 
Sediment and 
porewaters 
All around TL Ellis (1976) 
    
Nonpoint Source Type Location Reference 
    
Illegal Sanitary 
Discharges 
Raw sewage All around TL 
San Juan Bay 
Estuary (2000) 
On-site Septic 
Systems 
Raw sewage 
West-southwest 
margin 
Storm runoff 
PTEs, PCB’s, 
etc. 
All around TL 
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Table 1.4: PTEs and persistent organic pollutants in different substrates. Concentrations in μmol/g unless otherwise 
noted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
†: Mean Value; *: Canal Suarez near TL; **: Laguna Piñones; BDL: Bellow detection limit. Tissue in Fish: muscle; Crab: Hepatopancreas 
 
 
Pollutant Webb and Gómez-Gómez 
(1998) 
Delgado-Morales et al. (1999) 
San Juan Bay 
Estuary (2009) 
As 0.17 0.16 0.15 0.01 0.04 0.02 0.04   
Pb 0.05 0.10 0.10 8.2x10-4 2.4x10-3 4x10-3 2x10-3 ND 1.9x10-5 
Cu    BDL 0.44 0.22 0.18 9.4x10-4 9.1x10-4 
Ba 0.14 0.07 BDL     2.5x10-4 2.6x10-4 
Cd BDL   2.7x10-4 7.6x10-3 1.2x10-3 8.9x10-4 4.4x10-5 1.8x10-5 
Zn    0.55 3.52 1.13 0.89 6.7x10-4 7.5x10-4 
Se BDL   0.05 0.07 0.48 0.10 1x10-4 1.8x10-4 
Hg 5x10-5 10x10-5 2.5x10-4 7.5x10-4   BDL 3x10-7 2.5x10-7 
Cr 0.77 0.77 0.58     5.7x10-5 5.7x10-5 
B        0.28 0.24 
Ag        9.3x10-6 1.9x10-5 
PCB  2.6x10-
3 
6.6x10-3 0.01       
DDT  BDL 7.6x10-4 1.12x10-3       
Dieldrin BDL BDL BDL       
 1925-
1949 
1950-
1974 
1975-
1995 
    
North 
TL 
South 
TL 
          
Material        Sediment Fish† Blue Crab† Mussel*† Mussel** Water 
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Table 1.4: Continued. 
 
 
 
 
 
 
 
 
 
 
Seiglie, with special attention given to pollution relationships. His studies concentrated 
on correlating the effect of point-source pollutants on specific deformities, species 
dominance, and assemblages. He investigated the impacts of eutrophication (from 
sewage disposal and leakage) and temperature changes (from hydrothermal plants) on 
benthic foraminiferal assemblages. Results showed that Ammonia catesbyana (= 
beccarii) (Cushman), Fursenkoina punctata (d’Orbigny), and F. pontoni (Cushman) 
were the most common species in bays and coastal lagoons under natural and polluted 
conditions, and were identified as good bioindicators of pollution. Deformities, such as 
high spire and protruding proloculus were common in sewage discharge areas 
dominated by A. catesbyana (= beccarii) forma tepida (Seiglie, 1975c). Distorted 
chamber arrangements were reported under thermal pollution (Seiglie, 1975c). Seiglie 
(1975c) also reported that dimensional distortions and aberrant morphologies of F. 
punctata were related to polluted environments. 
Pollutant Martínez-Colón and 
Hallock (2010) 
As    
Pb  3.6x10-3  
Cu  0.03  
Ba  0.01  
Cd    
Zn  0.03  
Se    
Hg  0.08  
Cr  0.03  
B    
Ag    
PCB    
DDT    
Dieldrin    
    
Material Sediment 
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Table 1.5: References to studies of recent Foraminifera in Puerto Rico 
 
Author Location 
Cushman, 1926 San Juan Bay, and Ponce 
Seiglie, 1968* Mayaguez and Guayanilla Bays 
Seiglie, 1970 Yabucoa Bay 
Seiglie, 1971a* Cabo Rojo Platform 
Seiglie, 1971b-c; 1972a , 1974* Mayaguez and Añasco Bays 
Seiglie, 1971d* Mayaguez and Jobos Bay 
Seiglie, 1972b*, 1975a-b* Jobos Bay 
Brooks, 1973 Ponce 
Seiglie, 1975c* 
Guayanilla, Mayaguez, Jobos, and San Juan 
Bays; Ponce; and Torrecillas Lagoon 
Culver, 1990 Parguera and Salinas Shelfs 
Donnelly, 1993 Parguera Shelf 
Martínez-Colón and Hallock, 2010* Torrecillas Lagoon 
Oliver et al., 2014 Parguera Shelf 
*: Pollution related studies.  
 
The absence of certain common species also serves as an indication of either 
natural or anthropogenic stress. Quinqueloculina rhodiensis (Parker), Florilius grateloupi  
(d’Orbigny), and Cibroelphidium poeyanum (d’Orbigny) are less tolerant to pollutants, 
but sometimes thrive under oxygen-poor conditions (Seiglie, 1971d, 1972b, and 1975c). 
Seiglie (1975c) noted that abnormal morphologies of Q. rhodiensis are influenced by 
eutrophication (weakly costate individuals and transparent final chamber) and thermal 
pollution (deformed chambers). 
 
1.4 Goals and Objectives 
This dissertation addresses the influence of Potentially Toxic Elements (PTEs) 
on foraminiferal distributions and test deformities at Torrecillas Lagoon. The objectives,  
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organization and hypotheses of this dissertation are: 
1. Review the environmental conditions associated with Torrecillas Lagoon  
(Chapter 1). 
2. Review the geochemistry of PTEs in estuarine environments and especially 
relating to effects on benthic foraminifers (Chapter 2; Martínez-Colón et al., 
2009). 
3. Determine specific morphological deformities that are induced in Ammonia 
aomoriensi (Asano) by bioavailable Copper (Cu) in controlled culture 
experiments (Chapter 3). Hypothesis: I anticipate that an increase in a dominant 
type of deformity is associated with increased concentrations of Cu(II) under 
controlled culture conditions (temperature, pH, alkalinity, and salinity). 
4. Provide an initial assessment on the presence of PTEs and the potential impacts 
on the ecology of foraminifers in Torrecillas Lagoon (Chapter 4; Martínez-Colón 
and Hallock, 2010). 
5. Determine the distribution and bioavailability of PTEs at Torrecillas Lagoon 
(Chapter 5). Hypothesis: I anticipate that the spatial distribution and 
bioavailability of PTEs is associated with the estuary’s geometry, sediment and 
pollution sources. 
6. Determine the effects of PTEs on the spatial/temporal distribution of foraminifers 
at Torrecillas Lagoon (Chapter 5). Hypothesis: I anticipate that a decrease in the 
diversity of benthic foraminifers and an increase in the abundance of 
opportunistic and stress-tolerant species is associated with pollution sources 
(point and non-point). 
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7. Determine specific morphological deformities that are induced in Ammonia 
aomoriensi (Asano) by bioavailable Copper (Cu) in controlled culture 
experiments (Chapter 3). Hypothesis: I anticipate that an increase in a dominant 
type of deformity is associated with increased concentrations of Cu(II) under 
controlled culture conditions (temperature, pH, alkalinity, and salinity). 
The findings of this research will: a) validate and refine the use of benthic foraminifers 
as cost-effective pollutant bio-indicators; b) provide information on the distribution and 
bio-availability of Potentially Toxic Elements; and c) contribute to the existing 
Torrecillas-SJBE Management Plan Objective 3 (Action WS-10) (San Juan Bay Estuary, 
2000). 
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CHAPTER TWO: 
Strategies for Using Shallow-Water Foraminifers as Bioindicators of Potentially 
Toxic Elements: A Review 
 
2.1 Note to Reader 
This chapter has been published in full by the Journal of Foraminiferal Research 
and is included in Appendix A. The copyright letter from the Editor is included in 
Appendix B. 
 
Reference: 
Martínez-Colón, M., Hallock, P., and Green-Ruiz, C., 2009. Strategies for using shallow-
water foraminifers as bioindicators of potentially toxic elements: A review. Journal of 
Foraminiferal Research, v. #39-4, p. 278-299. 
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CHAPTER THREE 
Ammonia aomoriensi (Asano) in Cu(II) Spiked Culture Media: Growth 
Observations 
 
3.1. Introduction 
 Benthic foraminiferal assemblages have a long history of use in studies of the 
effects of pollution in coastal environments (see, e.g., reviews by Yanko et al., 1994, 
1998; Alve, 1995; Schafer, 2000; Martínez-Colón et al., 2009; Bouchet et al., 2012). 
Over the past 20 years, several protocols have been proposed to formalize use of 
benthic foraminifers as bioindicators in studies of environmental conditions, including 
degradation in response to pollution and recovery in response to mitigation (e.g., 
Schafer, 2000; Hallock et al., 2003; Bouchet et al., 2012).  
While most studies have focused on responses of assemblages to changes in 
environmental conditions, many studies have reported observations of increased 
frequency of abnormalities in test morphologies in stressed environments (e.g., Yanko 
et al., 1998; Martínez-Colón et al., 2009 and references therein). Such observations 
have stimulated interest in experimental studies to determine whether specific 
environmental stressors can induce morphological abnormalities, including what kinds 
of abnormalities and at what concentrations (e.g., Le Cadre and Debenay, 2006; de 
Nooijer et al., 2007).  
Copper has often been implicated in field studies reporting morphological 
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abnormalities in foraminifers (e.g., Alve and Olsgard, 1999, Martínez-Colón and Hallock, 
2010). Copper is a common aquatic pollutant and at the same time, it is not considered 
as toxic as many other potentially toxic elements, so experiments using copper are not 
deemed as hazardous to researchers. However, the relative ease of use has likely 
resulted in the diversity of results reported from studies (see Chapter Two, Table 4). 
Inconsistencies in results can arise from unfamiliarity in working with multi-valent, low-
solubility but readily complexed elements such as Cu(II) (e.g., de Nooijer et al., 2007, 
Martínez-Colón et al., 2009). 
The challenges in working with Cu(II) in culture experiments result from the lack 
of standardized protocols, resulting in different, and sometimes apparently conflicting, 
results from culture experiments (Table 3.1). Major considerations include differences in 
taxa studied, concentrations of Cu and ionic forms, and challenges associated with 
keeping concentrations relatively stable through the course of an experiment. 
The major objective of this study was to determine if specific test abnormalities 
could be induced in foraminifers grown in Cu(II) spiked culture media, and, if so, at what 
concentrations. This objective was tied into the goals of working with environmentally- 
and solubility-realistic concentrations of copper in the culture media, and in designing 
and utilizing a culture system that could maintain predictable concentrations of Cu in the 
media. In this study I exposed the estuarine benthic foraminifer, Ammonia aomoriensis, 
to Cu(II)-spiked media (0.1, 0.2, and 0.3 μmol/L) in controlled experiments to examine 
the effects on growth rates and deformities. 
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Table 3.1: Previous experimental studies related to Cu(II) and Ammonia sp. 
 
pH 
T         
(ºC) 
Salinity 
(PSU) 
Alkalinity 
(µmol/kg) 
[Cu(II)T] 
(µmol/L) 
Results Deformities Athor(s) 
8.1-8.4 25-27 - - 0-103 
Attached epiphytic 
foraminifers are less sensitive 
to Cu(II)  
No 
Bresler and Yanko 
(1995) 
7.8 20 - - 0-7.9  Numerous deformities Yes 
Le Cadre and Debenay 
(2006) 
- 10 17 - 0-20  
Preferential impact on 
different taxa 
No de Nooijer et al. (2007) 
8 15 24 - 0.19-3.3 Partition coefficients No Munsel et al. (2010) 
7.8 25 35 2340 0-0.32 Slowed growth Yes This Study 
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3.2. Methodology 
3.2.1. Foraminifera 
Sediments with live Ammonia aomoriensis were acquired from the Alfred 
Wegener Institute in Bremerhaven, Germany (see Funcke, 2010, for details on 
collection site). The sediments were maintained in seawater in 12 cm diameter petri 
dishes in an environmental chamber at 12˚C. At this temperature the foraminifers will 
survive for several months (7–9 months) while minimizing potential blooms of ciliates 
and algae, which have a detrimental effect on the foraminifers. Water levels were 
checked monthly and DI water was added as necessary to maintain salinity levels (35). 
To prepare an experiment, individual foraminifers were transferred to a 24-well 
petri dish. Each well contained seawater and food (chlorophytes–Dunaliella sp.) (1:2 
ratio). The petri dish was maintained at 25˚C on a 12-hour day/night cycle in an 
environmental chamber. Foraminifers were checked daily for survivorship and 
reproduction. In addition, every 3–4 days the foraminifers were transferred to a new 24-
well dish with food media (1:2 ratio) to minimize ciliate blooms. When asexual 
reproduction occurred in a well, juveniles were monitored for growth and harvested for 
experimental use when they had added at least seven chambers. Juveniles at this stage 
are relatively robust, while having substantial potential for additional growth.  
 
3.2.2. Microcosm Culture Device 
A flow-through culture device was adapted and modified from the design of  
de Nooijer et al. (2007). Each device consisted of a bottom tray and lid (Figure 3.1) 
(Appendix C and D). The tray consists of 24 independent-wells with a volume of 0.25  
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Figure 3.1: Cross-sectional view of the set-up used for the experiments. Green = cell inflow. 
Red = cell outflow. 
 
 
  
 
Figure 3.2: Cu(II) adsorption experiment. 
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cm3 per well. To ensure circulation and eliminate stratification, extension tubes were 
connected to the inflow and outflow openings (Figure 3.1). 
The modifications from the design described by de Nooijer et al. (2007) involved 
constructing the 24-well dishes using Teflon and using Teflon tubing instead of silicone 
tubing. Teflon is well known to be “metal-phobic” which minimizes Cu(II) adsorption. 
However, several parts of the device (lure-locks and silicone membrane) could not be 
modified due to their complexity. 
To test the performance of the modified culture device, an adsorption experiment was 
conducted for seven days. Starting with a stock solution of 0.38±.004 µmol/L Cu(II) in 
filtered seawater, the outflow concentration stabilized after 5 days at 0.36±0.03 µmol/L, 
indicating adsorption of 0.02 µmol/L (Figure 3.2), representing 5%. The adsorption that 
occurred was likely due to the plastic lure-locks (48 units), silicone membrane (1 unit), 
and PTE tubing (2 units).  
 
3.2.3. Culture Medium 
Offshore seawater collected from the Florida Keys was filtered (0.22 µm filter) to  
eliminate bacteria and to reduce viruses. The water was kept at 25˚C in an acid/bleach-
washed sealed carboy. The alkalinity and pH were determined using a 
spectrophotometer following the protocols of Yao and Byrne (1998) and Liu et al. (2011) 
respectively. Salinity was determined using a YSI sensor. These physicochemical 
parameters (Table 3.2) were used to calculate the maximum concentration of Cu(II) 
based on malachite saturation in the oceans are shown as demonstrated by Byrne et al. 
(1988).  
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Table 3-2: Chemical properties and Cu(II) target concentrations (error= ±stdev). 
 
Physico-chemical Parameters 
 At start of experiment At end of experiment  
Salinity (PSU) 35 35  
Temperature (ºC) 25 25  
pHT 7.8 7.8  
Alkalinity (µmol/kg) 2343±2 2340±3  
Measured Cu(II) 
Treatments 
Target [Cu(II)]   
(µmol/L) 
At start of 
experiment (µmol/L) 
At end of experiment 
(µmol/L) 
#1 0.00 0.00 0.00 
#2 0.220 0.217 0.190 
#3 0.320 0.311 0.284 
 
Three experimental solutions were prepared at 0 added Cu(II) (Treatment #1), 
0.22 (Treatment #2), and 0.32 µmol/L (Treatment #3) of Cu(II), starting from an acidified 
stock solution of 629.52 µmol/L using copper chloride (CuCl2). These experimental 
solutions (7 L each) were kept in acid-washed Nalgene® containers (Figure 3.1) and at 
25˚C and at a 12-hour day/night cycle in an environmental chamber. The concentration 
of Cu(II) from stocks and waste solutions were determined via Inductively Couple 
Plasma Mass Spectroscopy (ICP-MS) during the duration of the experiment following 
procedures described previously by Quinn et al. (2004). 
 
3.2.4. Culture Experiment 
The three experimental treatments were carried out simultaneously for 23–24 
days. A minimum of 10 individuals were used for each treatment and each foraminifer 
was placed in its own individual well in the culture device. The set-up for each treatment 
consisted of an independent linear array: experimental stock solution bottle – peristaltic 
pump – culture device – waste bottle (Figure 3.1). The flow rate was set to a speed of 9  
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Figure 3.3: Ammonia aomoriensis. A. SEM image showing basic morphology, spiral view; dotted 
black line shows the location of maximum diameter used in assessing growth. B. Experimental 
specimen (0.22 µmol/L Cu(II) treatment); dotted line shows the last chamber at day 1 of 
experiment (5/19/2011). C. Same individual showing two additional chambers (13th and 14th) at 
day 15 of experiment (6/3/2011). Green coloration is due to the foraminifer feeding on Dunaliella 
sp. Maximum diameter increased by 69 µm. 
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Table 3-3: Summary data for foraminiferal specimens at day 23-24 of experiments. 
Values in µm and µm/day are mean values (error = ±stdev). Number in parenthesis are 
specimens left at the end of experiment. 
 
Treatment 
Start 
(µm) 
End 
(µm) 
Difference 
(µm) 
Rate 
(µm/day) 
Max number of 
added chambers 
Number of 
specimens 
0.00 µmol/L 208±33 335±62 127±28 5.3±0.3 8 10 (5) 
0.22 µmol/L 274±30 293±33 19±3 0.83±0.13 5 20 (14) 
0.32 µmol/L 292±56 344±62 52±5 2.3±0.2 5 20 (10) 
 
Table 3-4: Comparisons of slopes of the growth data shown in Figure 3.4, testing the 
null hypothesis (H0) that the slopes are not different. 
 
Tukey Table 
Treatments 
(µmol/L) 
Slope 
Difference 
SE q-value q- distribution Conclusion 
0.22 vs. 0.00 3.70 0.73 5.06 3.35 Reject H0 
0.32 vs. 0.00 2.89 0.72 4.00 3.35 Reject H0 
0.32 vs. 0.22 -0.81 0.54 -1.49 3.35 Accept H0 
 
mL/hr (de Nooijer et al., 2007). Treatments were kept in a 25˚C environmental chamber 
with a 12-hour day/night cycle. At 3-7 day intervals, foraminifers were fed and 
photographed. Water samples (10 mL each) from the stock solution and waste bottles 
were sampled to assess Cu(II) concentrations. Alkalinity and pH were measured at the 
beginning and end of the experiment (Table 3.2).  
An Axiovision camera attached to a Zeiss microscope was used to photograph 
the foraminifers. The maximum diameter (starting from the last chamber) was measured 
(Figure 3.3) as an assessment parameter for growth using Axiovision-LE software 
version 4.1. 
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Figure 3.4: Linear regressions of mean growth data for foraminifers in experimental treatments 
(error = ±stdev). 
 
3.3. Results 
3.3.1. Growth Rates 
Foraminifers in all three treatments showed growth, as revealed by the addition 
of chambers and by an increase in maximum diameter (Table 3.3). Differences in 
growth rates among treatments were assessed using analysis of covariance 
(ANCOVA). A small F-distribution value (2.65x10-4) indicated that the Cu(II) treatments 
influenced growth. Subsequently, a multi comparison Tukey-test (Tale 3.4) and 
regression analysis (Figure 3.4) showed that foraminifers in Treatments #2 and #3 grew 
significantly less than the controls.  
Specimens in Treatment #1 (control) had a mean growth rate of 5.5 µm/day by 
the end of the experiment, adding one to eight new chambers. Foraminifers in 
Treatment #2 (0.22 μmol/L) grew 0.8 µm/day and added 0-5 new chambers during the 
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Figure 3.5: Example of deformity development of the most abundant type: “trochospiral”. This 
specimen is from Treatment #2 (0.22 µmol/L of Cu(II)). 
 
treatment. Specimens in Treatment #3 (0.32 μmol/L) had a mean growth rate of 2.3 
µm/day, adding 1-5 new chambers during the experiment. Raw data are provided in 
Appendix E. 
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3.3.2. Foraminiferal Test Abnormalities 
Some specimens in Treatments #2 and #3 exhibited deformities by the end of the 
experiment. Two types of deformities were encountered: (1) protuberances on one or 
more chambers (nomenclature after Alve, 1991) (<1% of individuals); and (2) what Le 
Cadre and Debenay (2006) referred to as “wrong direction of coiling” (up to 45% of 
individuals). 
Figure 3.5A shows an individual at the start of experiment with normal chamber 
development. Figures 3.5 (B–C) show the development of the deformity. In spiral view, 
the chamber size appears to be reduced, but instead, the long axis of the chamber is 
extending ventrally, which would ultimately result in an increase in the height of the 
trochospire. Typically the growth habit of A. aomoriensis is a relatively low trochospiral, 
with each added chamber increasing in volume in both the axial and dorso-ventral 
directions (Fig. 3.3A).  
No deformities were observed in Treatment #1. In Treatment #2, 39% of the  
specimens added chambers exhibiting the anomalous growth direction (Figure 3.5) and 
one specimen developed protuberances on its chambers. In Treatment #3, 45% of 
individuals added new chambers exhibiting the anomalous growth direction. No clear 
trend was noted as to when deformities manifested in each treatment.  
 
3.4 Discussion 
3.4.1 Culture Design and Results 
 The culture device designed for this study demonstrates both the challenges of 
working with a readily complexed PTE and the efficacy of the thoughtful culture design. 
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The modification of de Nooijer et al. (2007) apparatus using Teflon and other “metal-
phobic” tubes (FEP) demonstrated that a device can be constructed that produces 
minimal Cu(II) losses from the culture medium. Moreover, using the culture design, the 
growth rates of the control specimens were significantly faster than those for the 
experimental treatments (0.22 µmol/L and 0.32 µmol/L), though no significant difference 
in growth rates were detected between the two treatments. However, slightly more 
incidences of deformities were recorded with increasing Cu(II) concentrations in the 
culture medium (39% vs 45%). 
 
3.4.2 Foraminiferal Deformities 
Polluted coastal environments have been studied for more than 60 years using 
foraminifers as bioindicators. Numerous studies have reported deformities and different 
developmental patterns in many foraminiferal taxa from field and laboratory experiments 
(e.g., Sellier de Civrieux, 1970; Yanko et al., 1998; Frontalini and Coccioni, 2008; Ross 
and Hallock, 2014).  
Foraminiferal growth rates can be affected by natural abiotic factors such as food 
supply, oxygen levels, pH, temperature, salinity, etc. (Bradshaw, 1957; Le Cadre and 
Debenay, 2006; Martínez-Colón et al., 2009). Anthropogenic stressors like PTE’s can 
also hinder growth, leading to stunting or dwarfism, which is considered a type of 
morphological deformity (Banerjii, 1990; Frontalini and Coccioni, 2008). Several studies 
dealing with cultured foraminifers as bioindicators of PTE pollution have yielded different 
results (Le Cadre and Debenay, 2006; de Noojier et al., 2007; Munsel et al., 2010; 
Nardelli et al., 2013) based on experimental design and research questions (Table 3.1).  
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In assessing the effects of PTEs in coastal areas, a common misunderstanding 
results from the use of PTE concentrations determined from bulk sediments. These 
values are problematic because bulk PTE concentrations include the residual, acid-
soluble, reducible, oxidizable, and exchangeable fractions (Riba et al., 2003; Debenay 
and Fernandez, 2009; Martínez-Colón et al., 2009). Furthermore, depending on the 
physical-chemical properties of the sediment and interstitial seawater, even the 
assessed bioavailable fraction could be an overestimate of what is actually available to 
the organisms. 
For culture studies using Cu(II), a concentration of >0.15 µmol/L (10 µg/L) has 
been reported as a threshold for the generation of aberrant test deformities (Shariffi et 
al., 1991; Le Cadre and Debenay, 2006). However, more recent studies have used 
concentrations up to approximately 135 times (20 µmol/L) that of the threshold and 
results yielded no deformities (e.g., de Nooijer et al., 2007). My experimental treatments 
used a maximum concentration of 0.32 µmol (approximately 2x threshold). In the natural 
environment, Cu(II) is commonly found complexed with organic matter. In the absence 
thereof, it is found in the Cu(OH)2, Cu(OH)+, CuCO3, and Cu+2 species (de Nooijer et al., 
2007). In my experiments, foraminifers were exposed to free Cu(II) and potentially 
bioaccumulated by phytoplankton (Dunaliella sp.) during feeding.  
In general during calcification, rotaliid foraminifera (e.g., Ammonia sp.) modify the 
chemistry of seawater within a microenvironment. During calcium carbonate 
biomineralization, the pH is increased internally (within vacuoles), which in turn 
increases the carbonate ion concentration at the site of calcification (Erez, 2003; de 
Nooijer et al., 2009; Bentov et al., 2009; Mewes et al., 2015). Concurrently there is an 
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extracellular pH decrease during calcification (Glas et al., 2012), which corresponds to 
inward or outward pumping of Mg+2 or Ca+2 ions. Low-Mg calcite foraminifera (e.g., 
Ammonia) use energy to ionically remove Mg+2 and concentrate Ca+2, storing it in 
specialized vacuoles during calcification (Erez, 2003; Funcke, 2010; Glas et al., 2012).  
The higher frequency of deformities found in Treatment #2 (39%) and #3 (45%) 
may be a response of Cu(II) substituting for Ca+2 sites (Table 3.3; Figure 3.4). This 
exchange can promote distortions in the crystal lattice of foraminifers during calcification 
(Debenay et al., 2000) coupled with cellular damage (Bresler and Yanko, 1995; Le 
Cadre and Debenay, 2006) and reduced granuloreticulopodia activity (e.g., Bresler and 
Yanko, 1995). Yanko et al. (1998) reported that PTE’s could affect the cytoskeleton 
which serves as a template that defines the shape and size of the new chambers during 
growth. Byrne (2010) stated that Cu+2 and other divalent and trivalent metals (e.g., Co+2, 
Ni+2) complex significantly with carbonate ions (CO3-2) and hydroxide ions (OH-) with 
greater tendency for carbonate complexation. This agrees with findings of Cu+2 to be a 
CaCO3 growth inhibitor under supersaturated experimental conditions and that Cu+2 can 
slightly disrupt CaCO3 crystal lattice (Parsiegla and Katz, 1999). Moreover, biological 
activity is not a simple function of free copper ions or [Cu]T but strongly related to copper 
hydroxide and carbonate complexes (Parsiegla and Katz, 2000). 
Previous studies have found detrimental effects of several chemical parameters 
on different foraminiferal taxa in culture experiments. For example, Le Cadre and 
Debenay (2006), working with Cu(II) (0.15–3.14 µmol/L), reported cytological changes 
in deformed Ammonia sp., including thickened organic linings, numerous lipid vesicles, 
and excess residual bodies containing Cu+2, indicating a potential detoxification 
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process, which resulted in lower growth rates and stunting. Saraswat et al. (2004) and 
Nigam et al. (2009) found that growth rates decreased and percent deformities 
increased in Rosalina leei that were exposed to Hg concentrations between 0.74–1.37 
nmol/L.  Brouillette (2007) conducted assemblage studies, exposing them to Zn (0.66–
6.60x104 µmol/L), Cd (0.21–2.13x104 µmol/L) and Pb (0.78–7.81x104 µmol/L), and 
found that deformities were only present in the Zn-spiked media, with deformities in 
53% of their Ammonia tepida specimens. Le Cadre et al. (2003) reported that A. 
beccarii exhibited marked deformities when exposed to variable pH (7.0–7.5). The latter 
could be the result of dissolution and reprecipitation, as reported for Ammonia in 
hyposaline environments by Buzas-Stephens and Buzas (2005). 
Other studies reveal the challenges of understanding responses in culture 
experiments using PTEs. Nardelli et al. (2013) found no deformities in Pseudotriloculina 
rotunda exposed to Zn (0–1.52x103 µmol/L) (T= 15ºC; salinity= 38; pH= 8.02); perhaps 
there are differences in responses of miliolid foraminifers to PTEs. de Nooijer et al. 
(2007) found no deformities in A. tepida at Cu(II) concentrations up to 20 µmol/L. They 
stated that such concentrations are not detrimental to A. tepida but are fatal to 
Heterostegina depressa, suggesting greater susceptibility of certain taxa to PTE’s. They 
also concluded that foraminifers do not remove Cu(II) from calcifying reservoirs and 
attributed this to: (1) use of Cu(II) as a micro-nutrient; (2) binding of Cu(II) to proteins as 
a mean of detoxification; or (3) to the low Cu(II) concentrations used in their 
experiments.  
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3.5 Summary 
Culture experiments using Cu(II)-spiked seawater compared three different 
concentrations: 0 (Treatment #1–Control), 0.22 (Treatment #2) and 0.32 µmol/L 
(Treatment #3). Growth was impaired in Treatments #2 and #3, and morphological 
deformities were 39% and 45% respectively, compared to none in Treatment #1. The 
main deformity found was the major axis of newly added chambers extending ventrally 
instead of axially, an anomaly defined by Le Cadre and Debenay (2006) as “wrong 
direction in coiling”. Previous studies indicate that this test deformity may be caused by 
the Cu+2 substituting for Ca+2 during the biomineralization process. Such substitution 
can disrupt the ontogenic and metabolic capacity of the foraminifer to develop a normal 
framework for chamber formation, coupled with the possibility of impairment of 
precipitation of the calcite crystal lattice as the new chamber is formed.  
In marine systems, PTE ion concentrations are intimately related to temperature, 
pH, alkalinity (carbonate system), saturation state, and salinity. In culture experiments 
researchers strive to accurately duplicate most parameters, varying only one test 
parameter. However, discrepancies can occur when not all parameters are reported or if 
the choice of material for microcosm experiments is not optimal. Precise analysis of the 
carbon dioxide system in seawater is essential. A 5% adsorption was found when the 
culture device was redesigned using Teflon. When designing culture work related to 
PTEs, the following is recommended: (1) accurately record pH, total alkalinity and 
salinity; (2) calculate/determine CO3-2 concentration; (3) calculate PTE speciation to 
determine saturation state; (4) use “metal-phobic” materials like Teflon and FEP plastic; 
(5) conduct pre-trial adsorption experiments; and (5) consider PTE uptake by  
41 
 
phytoplankton (Dunaliella sp.) during feeding. 
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CHAPTER FOUR: 
Preliminary Survey on Foraminiferal Responses to Pollutants in Torrecillas 
Lagoon Puerto Rico 
 
4.1 Note to Reader 
This chapter has been published in full by the Caribbean Journal of Science and 
is included in Appendix F. This is an Open Access Journal (http://caribjsci.org/) and the 
copyright letter from the Editor is included in Appendix G. 
 
Reference: 
Martínez-Colón, M. and Hallock, P., 2010. Preliminary survey on foraminiferal 
responses to pollutants in Torrecillas Lagoon-Puerto Rico. Caribbean Journal of 
Science, v. 46-1, p. 106-111. 
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CHAPTER FIVE 
Benthic Foraminifera as Bioindicators of Potential Toxic Element Pollution: 
Torrecilla Lagoon (San Juan Bay Estuary), Puerto Rico. 
 
5.1 Introduction 
Limited studies have characterized and quantified anthropogenic sources of 
pollution (i.e., sewage discharge, boat marinas, hydroelectric plants, etc.) entering 
Torrecilla Lagoon (TL) in northern Puerto Rico. Only four studies have documented the 
presence of Potentially Toxic Elements (PTEs) in sediments, water or tissue samples, 
while other studies have reported anoxic conditions, high fecal coliform counts and 
excess nutrients in water samples (Table 1.2).   
Benthic foraminiferal assemblages have been proposed as bioindicators for PTE 
pollution. Changes in sediment supply, Dissolved Oxygen (DO), food, and other natural 
and anthropogenic parameters also influence foraminiferal assemblages (Martínez-
Colón et al., 2009). In polluted areas, foraminifers can display morphological 
abnormalities that are considered a biological response to environmental stresses (e.g., 
Alve 1995; Martínez-Colón and Hallock, 2010).  
 
5.1.1 Objectives 
 The objectives of this project are: 
1. To assess sediment characteristics in surface and core sediment samples. 
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2. To assess the distributions of PTEs in surface samples. 
3. To assess the sedimentary history of PTEs using core samples. 
4. To assess the spatial and temporal distribution of benthic foraminifers. 
5. To determine if benthic foraminifers are useful as bioindicators of PTE 
pollution. 
 
5.2 Methods 
5.2.1 Field Sampling 
 Samples were collected during two sampling trips in June 2007 and 2009 (Figure  
5.1). Table 5.1 summarizes the types of instruments used and quantity of samples 
collected. Sampling protocols were designed to minimize contamination and to ensure 
reliable measurements of PTE concentrations. 
A petit ponar grab sampler (Figure 5.2) was used to collect surface sediment 
samples. The upper 2 cm of sediment from each grab sample were collected using a 
Teflon spoon. Each sample was placed in a labeled, acid washed (10% HCl solution) 
plastic Nalgene© container and frozen.  
Acid-washed polycarbonate core liners (10 cm diameter) were used to collect 
sediment cores. Cores were pushed and, when necessary, a built-in slide hammer with 
extensions was used on the core head to penetrate into the sediments. To minimize 
potential disturbances of sediments within the core barrel, excess tubing without 
sediment was removed. The top of the core was capped as close as possible to the 
sediment. Cores were X-rayed, frozen, and maintained in the dark.  
Rhizon samplers were used to collect sediment porewater samples (Figure 5.3).  
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These are thin tubes of hydrophilic porous (0.1 µm) polymer extended with a polyvinyl 
chloride tube (Seeberg-Elverfeldt et al., 2005). Outer diameter is 2.4 mm and the filter 
section used had a length of 5 cm. A carbon fiber wire, specifically used for PTE 
measurements, provides support to the polymer. Advantages of this instrument 
according to Seeberg-Elverfeldt et al. (2005) are: low mechanical disturbance of the 
sediment, low dead volume (0.5 mL), minimized sorption processes on inert polymer, 
long-term use after cleaning, and the pore size ensures filtration and extraction of 
microbial and colloidal-free samples. The samplers were used to extract porewaters 
from surface sediments while SCUBA diving, and from sediment cores using a syringe- 
vacuum set up following the protocols of Seeberg-Elverfeldt et al. (2005). The filter 
section of the sampler was inserted 5 cm into the sediment, and after collection, water 
samples were transferred into acid-washed, brown Nalgene© (HDPE) bottles.  
A YSI-probe was used to determine in situ temperature (°C), pH, salinity, and 
dissolved oxygen during field sampling. Calibrations were done following the 
manufacturer’s protocols. Locations were recorded using a GPS unit. 
 
5.2.2 Laboratory Sample Preparation 
5.2.2.1 Sediment Samples 
Surface and core sediment samples were freeze dried to minimize the 
volatilization of mercury (Hg). Subsamples were collected for the following analyses: 
grain size, %TOC (total organic carbon), %CO3 (carbonate content), PTE concentration 
in bulk sediment, PTE acid-soluble (F2-bioavailability) concentration in mud fraction, 
and Pb/Cs dating (cores only). For general analysis, cores were sampled every 2cm. 
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Figure 5.1: Sampling location sites. Circles = 2007 sampling; Squares = 2009 sampling. Core 
TLCI07 collected in sampling site #7. Core TLCI09 collected in sampling site #19. 
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Table 5.1: Instrument type and sample number. 
 
Sample Type Instrument Sample Number 
Surface Petit Ponar Grab  35 
Core Push Corer 2 
Porewater Rhizon Sampler 20 (30 mL/sample) 
   
 
 
Figure 5.2: Petit ponar grab sampler with sediment sample. 
 
Cores for dating purposes were sampled at 0.5 cm for the first 5 cm and at 2 cm 
intervals thereafter. 
For grain-size analysis, sub-samples were wet sieved over a 63 µm sieve and 
subsequently oven dried at 50ºC to determine the mud fraction (<63 µm) by weight 
difference. The sample size >63 µm was then dry sieved for 10 minutes to separate the 
following size fractions: >2 mm (Φ: -1), 1–2 mm (Φ: 0), 0.50-1 mm (Φ: 1), 0.25–0.50 mm 
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Figure 5.3: Rhizon samplers used on pre-drilled push core barrel. 
 
(Φ: 2), 0.125–0.250 mm (Φ: 3), and <0.063 mm (Φ: >4). Each fraction was weighed, 
summed and converted into weight percentages; the median size fraction for each 
sample was expressed as phi (Φ) units. 
Total organic carbon and %CO3 analyses were done by titration using a UIC 
Carbon Coulometer. This procedure requires the conversion of inorganic carbon and 
total carbon phases to carbon dioxide (CO2). For these analyses, 1 g of sediment was 
crushed into a fine powder (100 mesh) using an agate mortar and pestle. A 0.015–
0.065 g sub-sample was acidified using 5 mL of 2N Perchloric acid for 5 minutes. The 
acid reacts only with CaCO3, producing CO2 inside an acid tube inserted in the 
coulometer’s acidification module to determine the inorganic carbon. Each sub-sample 
(0.05 g) was then placed on a porcelain boat and combusted at 970°C for 6 minutes 
using the furnace module of the instrument to determine the %Total Carbon Carbon.  
 To determine %TOC and %CO3, the following equations were used respectively: 
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(5.1) TOC = % Total Carbon - % Total Inorganic Carbon 
 
(5.2) %CO3 = %Total Inorganic Carbon * 8.333 
 
For bulk PTE analyses, each dry sub-sample (0.5–1.2 g) was crushed into a fine 
powder using an agate mortar and pestle. Sub-samples were sent to ACTLABS 
Laboratories Inc. (www.actlabs.com) in Canada for preparation and geochemical 
analysis of 42 elements (Table 5.2) using Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) and Atomic Absorption Spectrometry (AAS). Analytical methods 
implemented were Code Ultratrace 4 (ICP-MS) and Code 1G (AAS). The former method 
measures a suite of elements (42) via “total” digestion with hydrofluoric, nitric and 
perchloric mixture, and hydrochloric acids at 260°C. Code 1G is only used to measure 
Hg via aqua regia extraction at 95°C. For QA/QC, ACTLABS used GXR-1 certified 
material and reported duplicate analysis of random samples. To determine analytical 
precision, 0.5 g of estuarine sediment reference material (NIST- 1646a) was also sent 
to ACTLABS. Precision for the reference material was +2%. 
The carbonate soluble fractions (F2) of copper (Cu), zinc (Zn), and iron (Fe) were 
determined to estimate bioavailability via AAS in the Geomicrobiology and 
Sedimentology Laboratory at Universidad Nacional y Autónoma de México. Sediment 
sub-samples were dry sieved using a polyethylene sieve and mesh. Sub-sample 
preparation of 0.25 g of sediment (<63 µm = mud fraction) was done following the 
protocols of Luoma & Bryan (1981), modified by Szefer et al. (1995) and Perez–Cid et 
al. (1998). The samples where individually acidified with 10 mL of HCl (1N) and placed 
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Table 5.2: Elements assessed in this study with those of concern in bold.  
Symbol Name Symbol Name 
Cu Copper Eu Europium 
Zn Zinc Ga Galium 
Fe Iron Y Yttrium 
 Mn Manganese Sr Strontium 
Ni Nickel Nb Niobium 
Cr Chromium La Lanthanum 
As Arsenic Pr Praseodymium 
Pb Lead Nd Neodymium 
V Vanadium Sm Samarium 
Zr Zircon Gd Gadolinium 
Se Selenium Tb Terbium 
Re Rhenium Dy Dysprosium 
Co Cobalt Ti Titanium 
Li Lithium Th Throrium 
Cs Cesium U Uranium 
Mo Molybdenum Mg Magnesium 
Ce Cellium Al Aluminium 
Rb Rubidium K Potassium 
Sn Tin Ca Calcium 
Ho Holmium Ba Barium 
Cd Cadmium Sb Antimony 
 
in acid-washed polyethylene tubes (50 mL capacity). Samples were digested in a 100 W 
sonicator equipped with titanium probes (allowing volumes between 100–200 mL), for 
20 minutes, and then centrifuged (600 rpm) for 5 minutes to obtain a fast separation of 
extracts. The extracts were transferred to 50 mL acid-washed polyethylene tubes and 
diluted in 10 mL of Milli-Q water. For analysis, 1 mL of sample solution was used.  
Age dating was performed on sediment samples from cores. Samples were 
isotopically analyzed for 137Cs (half-life= 30.2 years) and 210Pb (half-life= 22.3 years) 
using a Low Energy Standard Gamma Detector at the USGS office in St. Petersburg, 
FL. Ground and homogenized subsamples (1.50–1.53 g) were packed and sealed in 
gamma tubes using an epoxy-resin mixture to allow secular equilibrium (at least 28 
days) between 226Ra and its granddaughters 214Pb and 214Bi. Lead-210 activity was 
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determined by direct measurement of the 46.5 KeV gamma peak. Radium-226 activity 
was determined by a weighted average from two 214Pb energies (295.2 and 351.9 KeV) 
and 214Bi gamma peak (609.3 KeV). The constant rate of supply model (CRS) was used 
to date the sediments. This widely used model assumes a constant supply of 
unsupported 210Pb (originating from atmospheric and water column 222Rn decay) 
(Sánchez-Cabeza et al., 2000). Caveats of the CRS model could be related to self-
adsorption as a function of sample density (Cochran et al., 1998) which varies 
according to sample composition. Samples from TL are a combination of organic, 
carbonate, and soil material that can change due to tidal action, weather-related events 
(e.g., hurricanes) and anthropogenic input (e.g., dredging, boating). Such conditions will 
have an impact on the moisture content and sample density (Ithier-Guzmán, 2010). 
 
5.2.2.2 Water Samples 
For PTE content, each collected water sample (20–30 mL) was sent to 
ACTLABS Laboratories Inc. (www.actlabs.com) in Canada for preparation and 
geochemical analysis of 41 elements (Table 3.2) using an ICP-MS and AAS. Analytical 
methods implemented were Code 6-MB (ICP-MS) for marine porewaters and Code E6-
Hg (AAS). To acquire accurate results, samples were spiked with standards to correct 
for matrix differences over the entire mass range. Random samples were analyzed in 
duplicates to assess precision. Code 6-Hg was used to determine Hg concentrations. 
 
5.2.2.3 Foraminiferal Samples 
 For foraminiferal assemblages, sediment sub-samples were stained in a solution  
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of Rose Bengal (1 g of dye in 1 L distilled water) for 12 hours. Stained specimens  
generally indicate that they were alive at the time of collection, although necrotic 
cytoplasm may be stained. Some authors have noted shortcomings of this technique 
(Bernhard, 2000), but this is a standard approach widely used in benthic studies. The 
standard approach is for a 24-hour treatment and when done on several trial samples, 
all the sediment particles (i.e., bivalve fragments, miliolids) were stained with a deep-
pink color. Stained Ammonia beccarii, indicative of being alive at the time of sampling, 
when broken were either empty or filled with pyrite or some sediment. To minimize 
misinterpretations of live foraminiferal tests, based on “excess” staining, the timing was 
reduced to 12 hour treatments.  
A 1 g sub-sample was wet sieved through a 63 µm mesh to remove any clay 
particles and then dried (50oC). A small portion (approximately 0.01 g) was removed 
from the sub-sample (>63 µm) and weighed to the nearest milligram. Well preserved 
and pristine (stained/unstained) foraminifers were picked until 200–300 individuals were 
counted. If this number was not reached from the first portion, the procedure was 
repeated until 300 individuals are picked or until the entire gram of sample was 
analyzed. Foraminifers were identified using the generic taxonomy established by 
Loeblich and Tappan (1987).  
 
5.2.3 Data Analysis 
 The selection of diversity indexes, PTE index, and statistical tools are based 
upon applicability to the proposed study, and general use in foraminiferal and ecological  
research (e.g., Magurran, 1988; Parker and Arnold, 2003; Green-Ruíz et al., 2005; and 
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Acevedo-Figueróa et al., 2006). The parameters used in this study are described as 
follow. 
 
5.2.3.1 Foraminiferal Data  
(1) Species richness - S: number of species per sample. 
(2) Foraminiferal Density - FD: number of tests per gram in each sample providing a 
measure of abundance. 
(3) Shannon-Weiner Index - H(S) (Magurran, 1988):    
(5.3) H(S) = -Σ pi x ln(pi) 
This index measures the heterogeneity of the samples and accounts for abundance and 
evenness in relation to the proportion of the ith species (pi = number of individuals / total  
individuals of ith species). 
(4) Equitability Index - E (Magurran, 1988):    
(4.4) E = eH(S) / n 
This index measures the evenness based on the H(S) and number of individuals (n). 
 
5.2.3.2 Environmental Data 
(1) Enrichment Factor - EF (Acevedo-Figueroa et al., 2006):  
(4.7) EF =  ([M]i / [E]i) / ([M]r / [E]r) 
 Where Mi = [PTE] in sediment; Ei = [normalizing element] in sediment; Mr = [PTE] in 
Earth’s crust; Er = [normalizing element] in the earth’s crust. The PTEs were normalized 
for the average concentration of Aluminum (Al) found in shales. Shales are considered 
a world-wide standard-reference guide for unpolluted sediments (Ekengele et al., 2008).  
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 The EF index determines the relative incorporation of PTEs into the sediments. 
Values calculated represent the number of times the concentration of the PTE is above 
background level (Green-Ruíz et al., 2005). Values of EF <1 show “no enrichment”; 1–3 
“minor enrichment”; 3–5 “moderate enrichment”; 5–10 “moderate severe enrichment”; 
10–25 “severe enrichment”; 25–50 “very severe enrichment; and >50 “extremely severe 
enrichment” (Acevedo-Figueróa et al., 2006). 
 
5.2.3.3 Data Processing 
Hierarchical cluster analysis was performed on all foraminiferal data after 
adjustments for distribution and transformations were conducted. The first adjustment 
was the removal of any species that was not present in at least 5% of samples. Then 
data were standardized by calculating the relative abundance of each taxon in each 
sample. These data were fourth-root transformed (Parker and Arnold, 2003) using 
PRIMER© statistical software, thus creating a resemblance matrix that generated a 
cluster dendrogram based on Bray-Curtis similarity. 
Pearson correlation was performed to determine if any significant trends were 
found based on log-transformed data (Parker and Arnold, 2003). Pearson correlation 
analyses included FD, S, H(S), E, AEI, bulk PTE concentration, acid-soluble (F2-
bioavailable) PTE concentration, %mud, %TOC, and %CO3. This was done using 
PRIMER© statistical software. 
Contour maps of raw PTEs and foraminiferal data were plotted using Arc GIS 
(v.10) software to illustrate potential hot spots of pollution, distribution of PTEs, and key 
foraminiferal genera. 
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5.3 Results 
5.3.1 Surface Samples 
5.3.1.1 Sediment Texture and Composition 
Descriptions of grain sizes and weight-percent distributions for all surface 
samples are presented in Appendix H. The dominant median grain size for all samples 
was mud (50% of samples) followed by medium sand (17% of samples) and gravel 
(17% of samples) (Table 5.3). Percent mud (%mud) increased 200–fold (0.45–99.5%) 
from the NW end of TL (connection to Atlantic Ocean) towards Quebrada Blasina on the 
SE (Figure 1.2). 
Total organic carbon values ranged from 0.42–8.5% (Table 5.4). Similar to  
%mud, %TOC increased 20–fold from NW to SE (Figure 5.4). In contrast, %CO3  
(0.32–66%) showed the opposite trend, increasing almost 200-fold from SE to NW. 
 
5.3.1.2 Potentially Toxic Element Distribution 
For bulk PTE concentrations, 13 PTEs are considered in this study and raw data 
are provided for all elements listed in Table 5.2 (Appendix I). Spatial distributions of 
PTEs are shown in Figures 5.5–5.8 except for Re, which is used as a redox indicator in 
core samples. Copper (0.9–118 mg/kg), Zn (4.8–237 mg/kg), Pb (2–38 mg/kg), Ni (6.9–
33 mg/kg), Cr (6.64–65.39 mg/kg), Zr (2–57 mg/kg), Li (4.2–44.9 mg/kg), V (10–192 
mg/kg) and Fe (11–134 mg/kg) generally increase from NW to SE. The higher 
concentrations of As (4.46–24.47 mg/kg), Se (0.3–1.7 mg/kg) and Mn (137–3020 
mg/kg) are found towards the middle of TL. Most of the PTEs varied over one order of 
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Table 5.3: Summary of median grain sizes (phi). Total number of samples: surface (35); Core TLCI07 (29); Core TLCI09 
(36).  
 
Grain Size phi (ɸ) size 
of sieve 
# of surface samples 
with median size 
# of core samples 
(TLCI07) with median size 
# of core samples 
(TLCI09) with median size 
Gravel -1 6 (17%) 1 (3%) 0 
Very coarse 
sand 
0 1 (3%) 0 0 
Coarse sand 1 1 (3%) 0 0 
Medium sand 2 6 (17%) 1 (3%) 0 
Fine sand 3 2 (6%) 0 0 
Very fine sand 4 1 (3%)  3 (10%) 0 
Mud >4 18 (51%) 24 (83%) 36 (100%) 
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Table 5.4: Percent carbonate (%CO3) and total organic carbon (%TOC) for all samples. Number in parenthesis represent 
sampling stations. 
 
Surface 
Sample 
Depth 
(m) 
%CO3 %TOC 
Core 
Sample 
%CO3 %TOC 
Core 
Sample 
%CO3 %TOC 
TL07#1 (1) 3 4 5 TLCI07#1 22 7 TLCI09#1 3 6 
TL07#2 (2) 16 5 5 TLCI07#2 17 7 TLCI09#2 3 7 
TL07#3 (3) 3 62 5 TLCI07#3 22 4 TLCI09#3 3 6 
TL07#4 (4) 0.7 27 6 TLCI07#4 20 5 TLCI09#4 3 6 
TL07#5 (5) 9.7 19 5 TLCI07#5 17 5 TLCI09#5 3 6 
TL07#6 (6) 2.3 16 6 TLCI07#6 18 4 TLCI09#6 3 7 
TL07#7 (7) 0.7 58 5 TLCI07#7 14 4 TLCI09#7 4 7 
TL07#8 (8) 0.7 29 3 TLCI07#8 11 4 TLCI09#8 3 5 
TL07#9 (9) 0.7 46 4 TLCI07#9 8 3 TLCI09#9 3 7 
TL07#10 (10) 1.3 63 2 TLCI07#10 10 4 TLCI09#10 3 6 
TL07#11 (11) 0.7 42 5 TLCI07#11 6 4 TLCI09#11 0 7 
TL07#12 (12) 3 31 0.4 TLCI07#12 12 3 TLCI09#12 0 6 
TL07#13 (13) 0.7 59 2 TLCI07#13 17 2 TLCI09#13 1 6 
TL07#14 (14) 5 36 3 TLCI07#14 10 3 TLCI09#14 4 6 
TL07#15 (15) 3.3 56 3 TLCI07#15 14 4 TLCI09#15 3 7 
TL07#16 (16) 1.3 28 5 TLCI07#16 16 3 TLCI09#16 3 7 
TL09#1 (17) 5.5 37 3 TLCI07#17 22 3 TLCI09#17 3 7 
TL09#2 (18) 1 35 6 TLCI07#18 19 3 TLCI09#18 2 4 
TL09#3 (19) 12.2 6 6 TLCI07#19 31 3 TLCI09#19 1 2 
TL09#4 (20) 12 3 5 TLCI07#20 19 4 TLCI09#20 0 1 
TL09#5 (21) 11.6 7 4 TLCI07#21 36 4 TLCI09#21 0 1 
TL09#6 (22) 1 61 0.6 TLCI07#22 22 4 TLCI09#22 0 1 
TL09#7 (23) 5.4 22 5 TLCI07#23 27 5 TLCI09#23 0 1 
TL09#8 (24) 1.2 43 3 TLCI07#24 18 7 TLCI09#24 0 2 
TL09#9 (25) 1 34 4 TLCI07#25 19 7 TLCI09#25 3 7 
TL09#10 (26) 1.2 51 2 TLCI07#26 14 8 TLCI09#26 4 7 
TL09#11 (27) 0.6 28 5 TLCI07#27 14 10 TLCI09#27 5 8 
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Table 5.4. Continued. 
 
Surface 
Sample 
Depth 
(m) 
%CO3 %TOC 
Core 
Sample 
%CO3 %TOC Core Sample %CO3 %TOC 
TL09#12 (28) 0.6 31 6 TLCI07#28 20 10 TLCI09#28 4 7 
TL09#13 (29) 0.6 31 4 TLCI07#29 35 5 TLCI09#29 5 7 
TL09#14 (30) 1.1 45 4    TLCI09#30 2 10 
TL09#15 (31) 0.8 66 3    TLCI09#31 3 9 
TL09#16 (32) 0.8 30 5    TLCI09#32 3 7 
TL09#17 (33) 0.5 41 5    TLCI09#33 3 7 
TL09#18 (34) 6 8 5    TLCI09#34 3 8 
TL09#19 (35) 3 13 5    TLCI09#35 2 9 
             TLCI09#36 2 6 
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Figure 5.4: Surface distribution of sediment characteristics. A: percent mud (%mud); B: Total 
organic carbon (%TOC); and C: Percent carbonate (%CO3). 
 
magnitude except for Cu (three orders of magnitude), Zn and Fe (two orders of 
magnitude). 
For bioavailability only three PTEs were considered. Acid-soluble copper (F2-Cu)  
(5.87–67.73 mg/kg) has an almost uniform distribution except for two “hot spots” close 
to the Canal Suarez (east) and Quebrada Blasina (west), while acid-soluble zinc (F2-
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Zn) (13.02–72.63 mg/kg) shows an increasing NW – SE trend (Figure 5.5B, D). The 
acid-soluble iron (F2-Fe) (0.36–17 mg/kg) shows no discernable pattern (Figure 5.7D). 
A factor of 10 variation in F2-Cu were observed and factor of 100 variation were 
observed for F2-Fe. F2-Zn varies six–fold in concentration. The sites at Canal Suarez, 
Lago Managua, and Quebrada Blasina show consistent overall relatively high 
concentrations of both bulk and bioavailable PTEs (except F2-Cu).  
For porewater PTE concentrations, of 42 elements analyzed, only six PTEs of 
concern had measurable values (Appendix J). Copper (12–22 nmol/L), As (7–11 
nmol/L), Se (1.3–7 nmol/L) and Mn (0.9–706 nmol/L) show no overall trends (Figure 
5.9). Zinc (3.8–34 nmol/L) and Li (24–314 nmol/L) have NW-SE decreasing trends 
(Figure 5.10). 
A Pearson correlation matrix (Table 5.5) was calculated for the 13 elements of 
concern including acid-soluble elements (F2-Cu, F2-Zn, F2-Fe), %TOC, %CO3 and 
%mud. All PTEs positively correlate with %mud, though for F2-Cu, F2-Zn, As, Se and 
Re, the correlation is not significant at the 95% confidence level. Similarly, all except F2-
Cu and F2-Zn significantly correlate with %TOC. Thus, most PTE pairs are positively 
correlated (>0.34). However, As has no correlation with any other PTE except positively 
with Se, Mn, and Re. Similarly, Re only correlates with As. The F2-Cu and F2-Zn both 
positively correlate with each other as well as with Cu, Zn, Pb, Cr, and Li, and 
negatively with F2-Fe. None of the bioavailable PTEs significantly correlate with %TOC 
and %mud. Percent carbonate has a negative correlation with most PTEs except for Re 
(redox indicator) and Se, though the correlations for F2-Cu and F2-Fe are not 
significant. Arsenic is the only PTE that correlates positively with %CO3. 
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5.3.1.3 Water Column Dissolved Oxygen (DO), pH, Temperature and Salinity 
Dissolved oxygen concentration in the water column generally declined with 
depth. In all profiles except for Sampling Station #17, hypoxic conditions prevailed 
between 1.5 m–3.5 m, while anoxic conditions were found at >3.5 m depth (Figure 
5.11).  
Figure 5.12 shows pH dropping below normal tropical seawater pH (>8) at 2–3 m 
depth in three of the profiles shown. Waters below 5 m are highly corrosive to CaCO3 
(pH<7.4). Sampling Site #17 had very little variation in pH between surface and bottom 
waters (8.1). 
A well-defined thermocline is observed between 0–6 m depth. Temperature 
remained constant at 26.3ºC at depths >6 m (Figure 5.13). A shallower profile 
(Sampling Site #34) has a thermocline between 0–4 m with variability between 30–
27ºC.  
A halocline observed between 1–2 m water depth had a salinity range between 
25–35 (Figure 5.14). Sampling Site #19 is slightly more diluted at the surface with a 
value of 23. 
 
5.3.2 Core Samples 
5.3.2.1 Core Description 
Core TLCI07, with a maximum thickness of 43 cm, was collected in water depth 
of 0.65 m. A radiograph image of the frozen core shows four distinctive sedimentary 
“facies” (Figure 5.15). Facies 1, observed between 43–35 cm, consists of non-laminated 
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Figure 5.5: PTE surface distribution. A: copper (Cu); B: F2-Cu (acid-soluble copper); C: zinc 
(Zn); D: F2-Zn (acid-soluble zinc). All concentrations are in parts per million (ppm). 
 
 
sediments. Facies 2 is an oyster layer between 35–25 cm depth. Facies 3 consists of an 
oyster layer combined with plastic clay at the 25–17cm depth interval. Facies 4 consists 
of a layer of shell fragments. 
Core TLCI09, with a maximum thickness of 57 cm, was collected at a water 
depth of 12.2 m. A radiograph image of the frozen core shows two distinctive 
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Figure 5.6: PTE surface distribution. A: lead (Pb); B: nickel (Ni); C: chromium (Cr); D: zircon 
(Zr). All concentrations are in parts per million (ppm). 
 
sedimentary “facies”. Facies 1 (53–33 cm) consists of laminated sediments. Facies 2 
comprises non-laminated sediments (33–0.5 cm). This facies appears overexposed in 
the radiograph, which is an artifact of excess frozen water that could be masking 
laminations.  
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Figure 5.7: PTE surface distribution. A: lithium (Li); vanadium (V); C: iron (Fe); D: F2-Fe (acid-
soluble iron). All concentrations are in parts per million (ppm). 
 
5.3.2.2 Core Dating (age) 
 Core TLCI09 was sampled on May 22, 2009. Calibrated dates for the core range 
from 2009 (0–2 cm interval) to 1908 (23–25 cm interval) with average mass 
sedimentation rate of 124 mg/cm2-yr (Figure 5.16D). Due to possible bioturbation, no 
earlier ages were determined. Appendix K shows the raw data and calculated dates.  
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Figure 5.8: PTE surface distribution. A: arsenic (As); selenium (Se); C: manganese (Mn). All 
concentrations are in parts per million (ppm). 
 
Core TLCI07 provided no reliably ages, possibly due to random changes in 
sedimentation rates.   
 
5.3.2.3 Sediment Texture and Composition 
Data for grain sizes and weight distributions for all core samples (TLCI07 and 
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Figure 5.9: Surface distribution of porewater characteristics. A: copper (Cu); B: arsenic (As); C: 
selenium (Se); manganese (Mn). All concentrations are in nmol/L. 
 
TLCI09) are found in Appendix L. For core TLCI07, mud is the dominant median grain 
size in 83% of the samples followed by very fine sand (10%) and medium sand and 
gravel (3% each) (Table 5.3). Percent mud (33–86%) downcore variability is illustrated 
in Figure 5.16A. Between 43 cm (68%) and 19 cm (55%), no trend is observed aside 
from pulses of higher/lower values. The lowest and highest values of 33% and 65% are  
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Figure 5.10: Surface distribution of porewater characteristics. A: zinc (Zn); B: lithium (Li). All 
concentrations are in nmol/L. 
 
found at 23–25 cm depth respectively. Starting at 19 cm depth, a consistent increase is 
observed with a maximum value of 86% at a depth of 9 cm depth, decreasing to 47% 
above that maximum.  
 In core TLCI07, %TOC values range from 2.45–10.1% (Table 5.4) and their 
temporal variability is illustrated in Figure 5.16B. The highest percentage occurs at 
40 cm, decreasing to <4% by 30 cm and remaining in that range to ~5 cm depth, with a 
subsequent increase to ~8%. For %CO3 the values are quite variable, associated with 
shelly intervals, and range between 6–36% (Figure 5.16C).  
Mud is the dominant grain size for all samples from core TLCI09 (Table 5.4). The 
variability is minimal, between 77% and 100% through most of the core (Figure 5.16E). 
Below 43 cm, %mud was somewhat lower, while above 41 cm %mud generally 
exceeded 90%. 
In core TLCI09, %TOC values ranged from 1–10% (Figure 5.16F). The overall 
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Figure 5.11: Dissolved oxygen (DO) profiles. Light shaded area depicts hypoxic conditions (<3 
mg/L). Dark shaded area depicts anoxia (<0.5 mg/L). 
 
 
Figure 5.12: pH profiles. 
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Figure 5.13: Temperature profiles.  
 
 
 
Figure 5.14: Salinity profiles.  
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Table 5.5: Surface samples. Pearson correlation matrix of PTEs of interest, %TOC, 
%CO3, and %mud (N = 35; green = significant positive correlation; red = significant 
negative correlation; p<0.05 [0.34]). 
 
 Cu F2-Cu Zn F2-Zn Ni Pb Cr As Li Se Fe 
Cu            
F2-Cu 0.37           
Zn 0.98 0.40          
F2-Zn 0.53 0.76 0.55         
Ni 0.80 0.06 0.80 0.22        
Pb 0.89 0.41 0.95 0.53 0.76       
Cr 0.84 0.37 0.82 0.40 0.53 0.77      
As 0.23 0.08 0.20 -0.01 -0.01 0.08 0.29     
Li 0.95 0.34 0.95 0.55 0.80 0.87 0.78 0.22    
Se 0.38 0.12 0.38 0.10 0.40 0.34 0.18 0.52 0.41   
Fe 0.94 0.26 0.92 0.48 0.77 0.80 0.77 0.33 0.94 0.45  
F2-Fe -0.12 -0.53 -0.09 -0.56 0.24 -0.13 -0.14 -0.11 -0.03 0.14 0.00 
Mn 0.63 0.30 0.68 0.34 0.41 0.62 0.77 0.39 0.72 0.22 0.66 
Re 0.28 0.06 0.24 0.10 0.10 0.10 0.16 0.75 0.32 0.55 0.43 
V 0.97 0.33 0.96 0.52 0.84 0.88 0.78 0.08 0.95 0.34 0.93 
%TOC 0.73 0.26 0.71 0.30 0.70 0.58 0.52 0.44 0.70 0.47 0.78 
%CO3 -0.67 -0.26 -0.72 -0.39 -0.69 -0.80 -0.55 0.37 -0.65 0.00 -0.61 
%Mud 0.76 0.15 0.73 0.24 0.54 0.72 0.75 0.33 0.71 0.32 0.71 
 
Table 5.5: Continued. 
 
 F2-Fe Mn Re V %TOC %CO3 %Mud 
Cu        
F2-Cu        
Zn        
F2-Zn        
Ni        
Pb        
Cr        
As        
Li        
Se        
Fe        
F2-Fe        
Mn 0.13       
Re -0.10 0.24      
V -0.02 0.59 0.21     
%TOC -0.01 0.44 0.48 0.67    
%CO3 -0.09 -0.37 0.31 -0.74 -0.42   
%Mud -0.05 0.60 0.14 0.69 0.54 -0.54  
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Figure 5.15: Composite x-ray radiograph of cores TLCI07 and TLCI09. Arrows indicate possible bioturbation or water bubbles. 
Dashed line TLCI09 denotes a false artifact provided by the junction between of two images. 
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Figure 5.16:  Vertical distributions of percent mud (%Mud), total organic carbon (%TOC), and percent carbonate (%CO3) for cores 
TLCI07 (A-C) and TLCI09 (D-G). Sedimentation rare is only presented for core TLCI09. Light gray bar: interval of higher terrestrial 
input. Dark gray bar: interval of anoxic conditions.
    A.                                          B.                                        C. 
    D.                                               E.                                     F.                                            G. 
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trend from base to top is bimodal (core base- 6.3%; core top- 6%). Between 35–19 cm  
depth, %TOC is much lower with a minimum value of 1% at 29 cm depth. Percent 
carbonate in core TLCI09 is consistently <6%, varying between 0.17–5.5% (Figure 
5.16G). 
 
5.3.2.4 Potentially Toxic Element Distribution in Sediments 
Raw PTE data for all core samples (TLCI07 and TLCI09) are found in Appendix 
M, and their vertical distributions are shown in Figures 5.17 and 5.19. Figures 5.18 and 
5.20 show enrichment factors (EF) for PTEs from each core. 
 
5.3.2.4.1 Torrecillas Lagoon Core-I07 
For core TLCI07, Cu, Zn, Ni, Li, Fe, and V all show peaks in the 3–19 cm depth 
in the core (Figure 5.17A, B, C, G, I and L), consistent with the highest %mud and %Al 
(Figure 5.17A and M). Other noticeable trends include the similarity between As, Se and 
Re with peaks ~35 cm depth (Figure 5.17F and K), consistent with %TOC, and the 
inverse trend seen in some other PTEs, most notably Mn (Figure 5.17J). 
Copper concentrations ranged from 30–80 mg/kg (Figure 5.17A). This is in 
agreement with the average concentration found in shale (continental crust) (see 
Chapter Two, Table 1 in Appendix A). The overall difference from core base (45 mg/kg) 
to core top (38 mg/kg) is minimal. The highest Cu concentration of 88 mg/kg is found at 
11 cm depth. Enrichment factors for Cu (EF-Cu) range from 1 to 2. Values show “minor 
enrichment” throughout the core except for the 4.5 cm to 3 cm interval, which show “no 
enrichment” (Figure 5.18A). 
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Zinc concentrations range from 46–103 mg/kg (Figure 5.17B). This is in 
agreement with the average concentration found in shale (continental crust) (see 
Chapter Two, Table 1 in Appendix A). As with Cu, there is little difference between the 
concentration at the core base (57.5 mg/kg) and the core top (62.6 mg/kg). Except for a 
peak in concentration of 103 mg/kg at 19cm, the overall trend is similar to that of Cu. 
Enrichment factors for Zn (EF-Zn) also shows a relatively similar and consistent trend 
with a range of 1 to 2. “Minor enrichment” is observed between 35 cm and 19 cm and 
from 3 cm to 0.5cm (Figure 5.18A).  
Nickel concentrations ranged from 1–28 mg/kg (Figure 5.17C). This is 2X lower 
than the average concentration found in shale (continental crust) (see Chapter Two, 
Table 1 in Appendix A). The overall difference between core base (18.6 mg/kg) and 
core top (13.7 mg/kg) is accentuated by three minima at 41 cm (13.2 mg/kg), 19 cm 
(15.7 mg/kg) and 2 cm (11.4 mg/kg). The highest concentration of 28 mg/kg is found at 
11 cm, followed by an upcore decrease. There is “no enrichment” for Ni and its vertical 
distribution ranges from 0.26 to 0.56 (Figure 5.18A). 
Lead values range from 5–60 mg/kg (Figure 5.17D). This is 3X higher than the 
average concentration found in shale (continental crust) (see Chapter Two, Table 1 in 
Appendix A). Again, the difference between core base (7.6 mg/kg) and core top (11.8 
mg/kg) is minimal. The limited variability and overall up-core increase is evident from 
43–11 cm. Between 11 cm and 0.5 cm depth, three progressive increments in 
concentration are observed at 9 cm (21 mg/kg) , 4.5 cm (24 mg/kg) and 2.5 cm (60 
mg/kg). No enrichment is observed between 43 cm and 3 cm. From 3 cm to 0.5 cm, 
enrichment increases to “minor enrichment” except for “moderate severe enrichment” 
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Figure 5.17: Vertical distributions of PTEs in core TLCI07: Cu (Copper); Zn (Zinc); Ni (Nickel); Pb (Lead); Cr (Chromium); As 
(Arsenic); Li (Lithium); and Se (Selenium). Triangle: acid-soluble PTE (F2-bioavailable). Diamonds: bulk. Light gray bar: interval of 
increase in terrestrial input. Dark gray bar: interval of anoxic conditions.  
A.                                      B.                                      C.                                        D. 
 E.                                        F.                                      G.                                                H. 
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Figure 5.17: Continued: Fe (Iron); Mn (Manganese); Re (Rhenium); and V (Vanadium). Triangle: acid-soluble PTE (F2-bioavailable). 
Diamonds: bulk-concentration. Light gray bar: interval of increase in terrestrial input. Dark gray bar: interval of anoxic conditions. 
 
 
 
 I.                                                J.                                                         K.            
 L.                                                                                M. 
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Figure 5.18: Vertical distributions of enrichment factors (EF) in sediment core TLCI07. Range values: “no enrichment” (very light 
grey); “minor enrichment” (light grey); “moderate enrichment (grey); “moderate severe enrichment (dark grey). Dashed, dotted and 
solid lines represent the first, second and third PTE in each panel. Solid line: EF-Cu, EF-Cr, EF-Pb. Dotted line: EF-Zn, EF-V, EF-Fe, 
EF-As. Dashed line: EF-Ni, EF-Li, EF-Mn. 
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corresponding to the peak in bulk Pb concentration occurring at a depth of 2.5 cm 
(Figure 5.17D). 
Chromium has a range of concentrations from 33–75 mg/kg (Figure 5.17E). This 
is lower than the average concentration found in shale (continental crust) (see Chapter 
2, Table 1 in Appendix A). There is minimal difference between Cr concentrations at 
core base (49.8 mg/kg) and core top (56.6 mg/kg). There is relatively strong variability 
between adjacent samples throughout the core, with two pronounced peaks at 27 cm 
(66.3 mg/kg) and 15 cm (54.7 mg/kg), and several minima of <40 mg/kg. Enrichment 
factor for Cr (EF-Cr) has a range of 0.34–1.53 with “no enrichment” in most samples, 
with three intervals at 39 cm, 27 cm and 3 cm showing “minor enrichment” (Figure 
5.18B). 
Arsenic concentrations range from 13.2–36.3 mg/kg (Figure 5.17F). This is 3X 
higher than the average concentration found in shale (continental crust) (see Chapter 
Two, Table 1 in Appendix A). The vertical difference between core base (33 mg/kg) and 
core top (18.9 mg/kg) indicates the overall decreasing trend between 35 cm and the 
core top. Enrichment of As (EF-As) is observed through most the core, with a range of 
0.91–4.75. A “moderate enrichment” is observed between 43 cm and 27 cm followed by 
“minor enrichment” between 25 cm to 0.5 cm, with a slight incursion into “no 
enrichment” at 11 cm (Figure 5.18B). 
Lithium shows a very similar vertical distribution to that of Cu and Ni. Lithium 
concentrations ranged from 17.5–69.8 mg/kg (Figure 5.17G). This is in agreement with 
the average concentration found in shale (continental crust) (see Appendix IV in 
Krauskopf and Bird, 1995). The vertical difference between core base (32.9 mg/kg) and 
 
 
82 
 
core top (19.7 mg/kg) is accentuated by three minima at 41 cm (22 mg/kg), 19 cm (34 
mg/kg) and at 2 cm (16 mg/kg). The highest concentration of 70 mg/kg is found at 11 
cm. Enrichment factor for Li (EF-Li) shows “no enrichment” and its values range from 
0.53–1.18. Minor enrichment is only observed at 27 cm (Figure 5.18B). 
Selenium has a range of concentrations from 0.9–2.1 mg/kg (Figure 5.17H). This 
is one order in magnitude higher than the average concentration found in shale 
(continental crust) (see Append IV in Krauskopf and Bird, 1995). The difference 
between core base (1.6 mg/kg) and core top (1.7 mg/kg) is minimal. A maximum value 
of 2.1 mg/kg and a lowest value of 0.9 mg/kg are observed between 35 cm and 2.5 cm 
respectively. Between 2.5 cm and 0.5 cm, the concentration increases to a maximum 
value of 1.7 mg/kg. Enrichment factor for Se (EF-Se) observed throughout the core has 
a range of 1.4–6. Between 43 and 11 cm a “moderate enriched” to “minor enrichment” 
transition is observed, with a highest peak of 6 (“moderate severe enrichment”). The 
profile from 11 cm to 0.5 cm, show a stepwise increase from “minor enrichment” to 
“moderate severe enrichment” is observed (Figure 5.18D). 
Iron concentrations range from 3.7–6.8% (Figure 5.17I). This is in agreement 
with the average concentration found in shale (continental crust) (see Chapter 2, Table 
1 in Appendix A). Minimal variability is observed between core base (5%) and core top 
(4.7%). The greatest variability between samples is found at core depths less than 12 
cm. Enrichment factor for Fe (EF-Fe) shows a “minor enrichment” with values ranging 
from 1.0 to 2.1. Above 11 cm the enrichment increases, reaching a maximum of 1.8 
(Figure 5.18C). 
Manganese concentrations increase upcore from a low of 548 mg/kg at 35 cm to 
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a high of 1060 mg/kg at 3 cm (Figure 5.17J) which is lower than the average 
concentration found in shale (continental crust) (see Chapter 2, Table 1 in Appendix A). 
Enrichment factor for Mn (EF-Mn) shows a “minor enrichment”, with values ranging from 
0.96– 2.3. Enrichment is highest (2.5) between 3.5 cm and 3.0 cm (Figure 5.18C). 
Rhenium concentrations range from 0.009–0.081 mg/kg (Figure 5.17K). This is 
three orders of magnitude higher than the average concentration found in shale 
(continental crust) (see Appendix IV in Krauskopf and Bird, 1995). The overall trend 
through the core (base: 0.05 mg/kg; top: 0.02 mg/kg) is similar to that of %TOC and 
opposite to that of Mn. No enrichment factor was plotted for Re. As a conservative 
element in the oceans, its concentration in sediments increases when sequestered by 
organic material and in this study it is used as an indicator of anoxic conditions. 
Vanadium concentrations ranged from 81–237 mg/kg (Figure 5.17L). This is 2X 
higher than the average concentration found in shale (continental crust) (see Appendix 
IV in Krauskopf and Bird, 1995). The overall difference between core base (115 mg/kg) 
and core top (93 mg/kg) is relatively small. A marked increase is seen between 19 cm 
and 5 cm depth, with a maximum concentration of 237 mg/kg. Enrichment factor for V 
(EF-V) is similar to that of Fe, and shows “minor enrichment” (1.05–2.15) (Figure 
5.18B). 
Aluminum concentrations ranged from 3.7–9.7% (Figure 5.17M). This is three 
orders of magnitude lower than the average concentration found in shale (continental 
crust) (see Chapter Two, Table 1 in Appendix A). The overall difference from core base 
(4.7%) to core top (4.5%) is minimal. Starting at 19 cm depth, a consistent increase is 
observed with a maximum value of 9.7% at a depth of 11 cm depth, decreasing to 3.7% 
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at a depth of 3 cm. No enrichment factor was determined for Al because it is used as a 
normalizing agent. 
For bioavailability only three acid-soluble PTEs were assessed (Figure 5.17). All 
have similar vertical distributions. The F2-Cu concentrations in core TLCI07 ranged 
from 1.50 mg/kg to 15.8 mg/kg and for F2-Zn the range is 7.93–17.3 mg/kg (Figure 5.17 
A and B). Both acid-soluble PTEs reach maximum concentrations of 15.8 mg/kg and 
17.3 mg/kg respectively at 13 cm. The F2-Fe has a range of concentrations 
between 0.23% (43 cm) and 0.79% (25 cm) (Figure 5.17 A and B). 
A Pearson correlation matrix (Table 5.6) was calculated for the 13 PTEs of 
concern, including acid-soluble PTEs (F2-Cu, F2-Zn, F2-Fe), %TOC, %CO3 and %mud. 
As noted in the figures, Cu, Zn, Ni, Li, Fe, and V are all correlated and all correlate 
significantly with %mud except Cu, whose positive correlation coefficient is 0.35, as 
compared to 0.37 for significance at 95% confidence. Also noted in Figure 5.17, As, Se 
and Re are all positively correlated with each other and As is significantly negatively 
correlated with %mud, while most PTEs are positively correlated with %mud. The F2-Cu 
has a strong positive correlation with F2-Zn and F2-Fe, and F2-Fe with F2-Zn. Percent 
total organic carbon negatively correlates with most PTEs except for Cr, As, Se and Re. 
None of the acid-soluble PTEs correlate with %CO3 or %mud. Percent carbonate 
correlates negatively with Pb, Fe and V and positively with As. 
 
5.3.2.4.2 Torrecillas Lagoon Core-I09 
For Core TLCI09 (Figure 5.19), again Cu, Zn, Ni, Fe and V show similar strong 
peaks at ~35–20 cm depth, while Li and Re decline in that interval, as do %TOC and 
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Table 5.6: Core TLCI07. Pearson correlation matrix of PTEs of interest, %TOC, %CO3, 
and %mud (N= 29; green= significant positive correlation; red= significant negative 
correlation; p<0.05 [0.37]). 
 
 Cu F2-Cu Zn F2-Zn Ni Pb Cr As Li Se Fe 
Cu                 
F2-Cu 0.47                
Zn 0.73 0.62              
F2-Zn 0.20 0.93 0.46             
Ni 0.96 0.34 0.75 0.06           
Pb -0.28 0.07 -0.12 0.29 -0.32          
Cr -0.29 -0.40 -0.48 -0.34 -0.23 0.03        
As 0.12 -0.46 -0.30 -0.66 0.17 -0.46 0.16       
Li 0.94 0.40 0.81 0.13 0.98 -0.31 -0.33 0.07     
Se 0.09 -0.26 -0.02 -0.41 0.21 -0.55 0.18 0.63 0.12    
Fe 0.58 0.12 0.57 0.00 0.71 -0.07 0.00 0.04 0.68 0.40  
F2-Fe 0.31 0.88 0.42 0.82 0.16 -0.03 -0.39 -0.25 0.22 -0.23 -0.04 
Mn -0.02 0.45 -0.06 0.55 -0.18 0.34 0.21 -0.51 -0.16 -0.58 -0.29 
Re 0.22 -0.46 -0.16 -0.65 0.31 -0.48 0.13 0.91 0.21 0.70 0.20 
V 0.44 0.12 0.57 0.07 0.58 0.10 0.00 -0.30 0.58 0.17 0.91 
%TOC -0.51 -0.66 -0.68 -0.56 -0.48 -0.13 0.41 0.53 -0.56 0.40 -0.33 
%CO3 -0.08 -0.17 -0.34 -0.27 -0.16 -0.45 -0.03 0.56 -0.19 0.10 -0.44 
%Mud 0.35 0.21 0.47 0.14 0.40 -0.04 0.03 -0.38 0.39 0.06 0.41 
 
Table 5.6: Continued. 
 F2-Fe Mn Re V %TOC %CO3 %Mud 
Cu            
F2-Cu            
Zn            
F2-Zn            
Ni            
Pb            
Cr            
As            
Li            
Se            
Fe            
F2-Fe            
Mn 0.43          
Re -0.36 -0.69         
V -0.15 -0.19 -0.07       
%TOC -0.45 -0.29 0.50 -0.45       
%CO3 0.18 0.02 0.28 -0.68 0.20    
%Mud -0.11 -0.02 -0.15 0.60 -0.30 -0.63   
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%CO3 (Figure 5.16F, G). 
Copper concentrations ranged from 57–125 mg/kg (Figure 5.19A). This is up to 
3X higher than the average concentration in shale (continental crust) (see Appendix IV 
in Krauskopf and Bird, 1995). The overall trend includes lows of ~60–80 mg/kg below 37 
cm and above 17 cm, with a strong peak between 39 cm to 25 cm (highest 
concentration). Minor enrichment is observed throughout the core (1.7–2.6) (Figure 
5.20A).  
Zinc concentrations range from 100 mg/kg to 140 mg/kg (Figure 5.19B).  This is 
almost 2X higher than the average concentration in shale (continental crust) (see 
Appendix IV in Krauskopf and Bird, 1995). Zinc and Cu show similar upcore trends, with 
relatively strong variability in Zn concentrations near the base. An increase in Zn is 
observed between 37 cm and 21 cm, with the highest concentration at 25 cm. Minor 
enrichment is observed throughout the core (1.13–2.41) (Figure 5.20A). 
Nickel concentrations range from 17–31 mg/kg (Figure 5.19C). This is about one-
half lower than the average concentration in shale (continental crust) (see Appendix IV 
in Krauskopf and Bird, 1995). The overall variability between core base (24 mg/kg) and 
core top (17 mg/kg) is accentuated by a minimum at 53 cm (18 mg/kg). An almost 2X 
increase in Ni is observed between 53 cm and 25 cm (maximum concentration). No 
enrichment is observed (0.34–0.55) (Figure 5.20A). 
Lead values range from 61 mg/kg at the core base to 15 mg/kg above 35 cm 
(Figure 5.19D). This is up to 3X higher than the average concentration in shale 
(continental crust) (see Appendix IV in Krauskopf and Bird, 1995). Enrichment factor for 
Pb ranges from of 0.41–5.5. Enrichment decreases upcore from “moderate enrichment” 
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to “no enrichment” between 57 cm and 21 cm. Between 21cm and 0.5 cm samples 
show “minor enrichment” with “no enrichment” between 13 cm and 11 cm. 
Chromium has a range of concentrations from 25–56 mg/kg, varying throughout 
the core (Figure 5.19E). This is less than the average concentration in shale 
(continental crust) (see Appendix IV in Krauskopf and Bird, 1995). No enrichment is 
observed for Cr (0.28 to 0.78) (Figure 5.20B). 
Arsenic values range from 2.4–14.9 mg/kg (Figure 5.19F). This is in agreement  
with the average concentration found in shale (continental crust) (see Appendix IV in 
Krauskopf and Bird, 1995). The distribution between core base (3 mg/kg) and core top 
(4.7 mg/kg) is accentuated by high variability between 45 cm and 15 cm. There is “no 
enrichment” for As except for “moderate enrichment” at 17 cm (Figure 5.20D). 
Lithium values range from 25–56 mg/kg (Figure 5.19G). This is in agreement with 
the average concentration found in shale (continental crust) (see Appendix IV in 
Krauskopf and Bird, 1995). The limited vertical distribution between core base (42 
mg/kg) and core top (33 mg/kg) is accentuated by two minima, one at 53 cm (30 mg/kg) 
and the broader one between 31 cm and 27 cm. A 2X increase in Li concentration 
occurred between 27 cm (22.9 mg/kg) and 21 cm (55.9 mg/kg) is followed by a decline 
upcore. Enrichment factors for Li show “no enrichment” (0.28 to 0.96) (Figure 5.20B). 
Selenium has a range of concentrations from 0.5–1.5 mg/kg, (Figure 5.19H). This 
is 2X higher than the average concentration found in the continental crust (shale) (see 
Appendix IV in Krauskopf and Bird, 1995). The overall difference between core base 
(1.2 mg/kg) and core top (1.1 mg/kg) is minimal. Enrichment factors for Se show an 
overall “minor enrichment” with two incursions into “moderate enrichment” at 53 cm, 45 
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cm, and 2.5 cm. No enrichment is observed between 31 cm and 23 cm (Figure 5.20D).  
Iron concentrations ranged from 3.2–6.8% (Figure 5.19I). This is in agreement 
with the average concentration found in shale (continental crust) (see Appendix IV in 
Krauskopf and Bird, 1995). Values are similar between core base (4.7%) and core top 
(3.59%). Overall variability mimics that of Cu, Zn and Ni, with a peak between 35 cm 
and 21 cm with maximum concentration at 25 cm. “Minor enrichment” is observed 
throughout the core (1.03–1.36) (Figure 5.20C).  
Manganese has a range of concentrations from 378–2340 mg/kg (Figure 5.19J). 
This is 3X higher than the average concentration found in shale (continental crust) (see 
Appendix IV in Krauskopf and Bird, 1995). The vertical distribution from core base (410 
mg/kg) to core top (536 mg/kg) is nearly linear around 550 mg/kg, except for a 4X 
increase in concentration at 17cm (2340 mg/kg). There is “no enrichment” for Mn except 
for the sample at 17 cm that shows “minor enrichment” (Figure 5.20C). 
Rhenium has a range of concentrations from 0.0005–0.017 mg/kg (Figure  
5.19K). This is up to two orders of magnitude lower than the average concentration 
found in shale (continental crust) (see Appendix IV in Krauskopf and Bird, 1995). There 
is no difference between core base and core top (both at 0.006 mg/kg), similar to that of 
%TOC and Li. From 39 cm to 23 cm there is an order of magnitude decrease from 
0.011–0.001 mg/kg respectively, reversing between 23 cm and 15 cm (0.010 mg/kg). A 
single high value of 0.017 mg/kg was recorded at 3 cm. No enrichment factor was 
plotted for Re.  
Vanadium has a range of concentrations from 81–191 mg/kg (Figure 5.19L). This 
is in agreement with the average concentration found in shale (continental crust) (see 
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Figure 5.19: Vertical distributions of PTEs in core TLCI09: Cu (Copper); Zn (Zinc); Ni (Nickel); Pb (Lead); Cr (Chromium); As 
(Arsenic); Li (Lithium); and Se (Selenium). Triangle: acid-soluble PTE (F2-bioavailable). Diamonds: bulk. Light gray bar: interval of 
increase in terrestrial input.  
A.                                       B.                                       C.                                         D. 
 E.                                         F.                                        G.                                          H. 
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Figure 5.19: Continued: Fe (Iron); Mn (Manganese); Re (Rhenium); and V (Vanadium). Triangle: acid-soluble PTE (F2-bioavailable). 
Diamonds: bulk-concentration. Light gray bar: interval of increase in terrestrial input. 
 
 
I.                                              J.                                                       K.                                               
L.                                                                                               M.                                               
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Figure 5.20: Vertical distributions of enrichment factors (EF) in sediment core TLCI09. Range values: “no enrichment” (very light 
grey); “minor enrichment” (light grey); “moderate enrichment” (grey). Solid line: EF-Cu, EF-Cr, EF-Pb, EF-Fe. Dotted line: EF-Zn, EF-
V, EF-As, EF-Mn. Dashed line: EF-Ni, EF-Li, EF-Se. 
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Appendix IV in Krauskopf and Bird, 1995).  The trend line for the distribution (core base- 
115 mg/kg; core top- 90 mg/kg) is very similar to that of Fe and is a mirror image of 
%TOC. Enrichment factors for V (1.05–2.15) are similar to those of Fe, showing “minor 
enrichment” (Figure 5.20B). 
Aluminum concentrations ranged from 3.8–10 mg/kg (Figure 5.19M). This is 
three orders of magnitude lower than the average concentration found in shale 
(continental crust) (see Chapter Two, Table 1 in Appendix A). The overall difference 
from core base (7.1%) to core top (5.7%) is minimal. Starting at 35 cm depth, a 
consistent increase is observed with a maximum value of 10% at a depth between 23 
cm and 29 cm, decreasing to 6.3% at 19 cm depth. No enrichment factor was 
determined for Al because it is used as a normalizing agent. 
  For bioavailability, again only three acid-soluble PTEs were assessed (F2-Cu, 
F2-Zn and F2-Fe). The F2-Cu ranges in concentration from 2–41 mg/kg (Figure 5.19A). 
The overall vertical variability (core base- 2.05 mg/kg; core top- 13.6 mg/kg) is 
accentuated by a strong peak at 29 cm (41 mg/kg). The F2-Zn has a range of 
concentrations from 42–79 mg/kg (Figure 5.17B). Below 19 cm core depth, most F2-Zn 
concentrations are >60 mg/kg, up to 79 mg/kg. An increase in F2-Zn is observed 
between 39 cm and 21 cm. Above 19 cm, most concentrations are between 40–65 
mg/kg. The F2-Fe has a range of concentrations from 1.05–2.56% (Figure 5.19I). The 
overall vertical variability (core base- 1.58%; core top- 1.53%) resembles that of F2-Cu 
and F2-Zn and is accentuated by a 2X increase in F2-Fe between 39 cm (1.40%) and 
29 cm (2.56%). 
A Pearson correlation matrix (Table 5.7) was calculated on the 13 PTEs of 
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Table 5.7: Core TLCI09. Pearson correlation matrix of PTEs of interest, %TOC, %CO3, 
and %mud for core TLCI09 (N= 36; green= significant positive correlation; red= 
significant negative correlation; p<0.05 [0.32]). 
 
 Cu F2-Cu Zn F2-Zn Ni Pb Cr As Li Se Fe 
Cu                 
F2-Cu -0.06                
Zn 0.82 -0.22              
F2-Zn -0.28 0.65 -0.19             
Ni 0.95 -0.04 0.81 -0.20           
Pb -0.23 -0.14 0.08 0.28 -0.09          
Cr 0.54 0.14 0.39 -0.17 0.56 -0.11        
As 0.07 0.00 -0.08 -0.32 0.16 -0.35 0.28       
Li -0.41 -0.06 -0.28 0.41 -0.23 0.26 -0.49 0.10     
Se -0.49 0.00 -0.43 0.26 -0.44 0.41 -0.26 0.02 0.32    
Fe 0.97 -0.04 0.78 -0.26 0.95 -0.28 0.54 0.21 -0.34 -0.53  
F2-Fe 0.03 0.85 -0.02 0.80 0.10 0.20 0.21 -0.12 0.07 0.05 0.07 
Mn -0.04 0.21 -0.14 0.07 0.07 -0.34 0.15 0.77 0.38 0.01 0.09 
Re -0.65 0.06 -0.48 0.29 -0.51 0.41 -0.28 -0.05 0.47 0.47 -0.61 
V 0.98 -0.08 0.80 -0.31 0.91 -0.30 0.52 0.06 -0.45 -0.50 0.95 
%TOC -0.83 0.04 -0.64 0.41 -0.71 0.48 -0.55 -0.12 0.70 0.63 -0.82 
%CO3 -0.67 -0.06 -0.56 0.26 -0.55 0.30 -0.47 -0.01 0.53 0.40 -0.64 
%Mud 0.18 -0.15 0.06 -0.22 0.07 -0.58 -0.02 0.17 -0.13 -0.34 0.23 
 
Table 5.7: Continued. 
 F2-Fe Mn Re V %TOC %CO3 %Mud 
Cu            
F2-Cu            
Zn            
F2-Zn            
Ni            
Pb            
Cr            
As            
Li            
Se            
Fe            
F2-Fe            
Mn 0.11          
Re 0.10 0.11         
V -0.01 -0.07 -0.70       
%TOC 0.06 0.07 0.73 -0.84       
%CO3 -0.01 0.11 0.64 -0.71 0.71    
%Mud -0.24 0.26 -0.21 0.23 -0.38 -0.19   
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Figure 5.21: Vertical distributions of PTEs porewater in core TLCI09: Cu (Copper); Pb (Lead); As (Arsenic); Li (Lithium); and Mn 
(Manganese). 
A.                                                         B.                                                           C. 
       D.                                                                                                 E. 
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concern including bioavailable elements (F2-Cu, F2-Zn, F2-Fe), %TOC, %CO3 and 
%mud. As noted previously from Figures 5.16 and 5.17, Cu, Zn, Ni, Cr, Fe and V are 
strongly positively correlated, and are negatively correlated with Se, Li, and Re, as well 
as with %TOC and %CO3. The F2-Cu has a strong positive correlation with F2-Zn and 
F2-Fe, F2-Fe with F2-Zn, and F2-Zn with Li. The %TOC correlates positively with F2-
Zn, Pb, Li, Se, and Re while %CO3 correlates with Li, Se and Re. Percent mud only 
correlates negatively with Pb, Se, and %TOC. Of all the bioavailable PTEs, only F2-Zn 
correlates positively with %TOC.  
Porewater PTE concentrations are only available for core TLCI09. Five out of the 
13 PTEs of concern had measurable values. In addition, data are only available 
between 4-40 cm depth out of a maximum depth of 57 cm (Figure 5.21).  
Copper values range from 0.015–0.02 nmol/L (Figure 5.21A). Again, the 
difference between 40 cm (0.015 nmol/L) and 4 cm (0.017 nmol/L) is minimal. Copper 
concentrations are up to 7X higher than the average found in seawater (see Appendix 
IV in Krauskopf and Bird, 1995). The limited variability and overall upcore increase is 
evident from base to top.  
Lead has a range of concentrations from 4.8x10-5–3.9x10-4 nmol/L (Figure 
5.21B). The vertical distribution from 40 cm to 4 cm is nearly linear around 7.2x10-5 
nmol/L except for an 8X increase in concentration at 22 cm (3.9x10-4 nmol/L). The Pb 
concentrations are up to 25X higher than the average found in seawater (see Appendix 
 IV in Krauskopf and Bird, 1995). 
Arsenic has a range of concentrations from 0.007–0.008 nmol/L (Figure 5.21C). 
The vertical distribution from 40 cm to 4 cm is nearly linear at 0.007 nmol/L. The As 
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concentrations are up to 2X lower than the average found in seawater (see Appendix IV 
in Krauskopf and Bird, 1995). 
Lithium values range from 0.07–0.23 nmol/L (Figure 5.21D). Again, the difference 
between 40 cm (0.07 nmol/L) and 4 cm (0.23 nmol/L) is fairly small. There is an 
increase in concentration at 16 cm depth. Between 16 cm and 4 cm depth, a 
progressive increment is observed reaching a 3X maximum concentration of 0.23 
nmol/L at 8 cm depth.   
Manganese values range from 0.002–0.02 nmol/L (Figure 5.21E). The vertical 
difference between 40 cm (.002 nmol/L) and 4 cm (0.02 nmol/L) indicates an overall 
increasing trend. The Mn concentrations are up to 2X higher than the average found in 
seawater (see Appendix IV in Krauskopf and Bird, 1995). 
A Pearson correlation matrix (Table 5.8) was calculated for seven porewater 
PTEs of concern. There is no correlation at all among PTEs except for a positive 
correlation between the following PTE pairs Cu-Zn, Cu-As, Zn-Mn and Zn-As. The Cu-V 
pair is the only one with a significant negative correlation. 
 
5.4 Foraminiferal Ecology 
5.4.1 Surface Samples 
5.4.1.1 Foraminiferal Assemblages 
From 35 sediment surface samples collected in Torrecilla Lagoon, 6,221 
foraminifers were picked, with 35 genera represented, for which 22 species were 
identified. Stained foraminifers were seldom encountered, so all counts represents total 
abundance. Of the 22 species, A. beccarii (3752 individuals), Quinqueloculina  
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Table 5.8: Core TLCI09. Pearson correlation matrix of PTEs of interest in porewater (N= 
17; green= significant positive correlation; red= significant negative correlation; p<0.05 
[0.46]). 
 
 Cu Zn Mn As Pb V Se 
Cu        
Zn 0.71       
Mn 0.42 0.53      
As 0.67 0.68 0.41     
Pb 0.14 -0.02 0.10 0.12    
V -0.50 -0.15 -0.29 -0.09 -0.20   
Se 0.13 0.26 0.44 0.45 0.31 0.07  
 
rhodiensis (621 individuals) and Triloculina oblonga (434 individuals) were the most 
abundant across all samples. Ammobaculites agglutinans (145 individuals) and 
Quinqueloculina seminula (144 individuals) were the fourth and fifth most abundant 
foraminifers. None of the other 45 species accounted for had more than 100 individuals 
across all samples (Appendix N). 
Raw counts and diversity indices (species richness, foraminiferal density, Shannon 
Index, and Equitability Index) are shown in Appendix N. Species richness (S) ranged 
from 5–22 species (Figure 5.22A). A relative classification was made for this ecological 
parameter: “low” species richness (5–11), “medium” species richness (12–16) and 
“high” richness include samples with 17–22 species. Twenty-five samples were 
classified as low species richness, 8 samples as medium, and only 2 were classified as 
high species richness. Samples from approximately 2/3 of the estuary are characterized 
by low species richness. The two samples with high species richness where found on 
opposite sides of the lagoon, with 19 species found in the sample close to Boca de 
Cangrejos (exit to the Atlantic Ocean) and 22 species at the entrance to Canal Suarez. 
Foraminiferal densities (Figure 5.22B) were also very low across TL. Variability 
ranged from 4 to 68 individuals/g. Densities were classified into “low”, “medium” and 
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Figure 5.22: Surface distribution of foraminiferal characteristics. A: Species richness (S); B: 
Foraminiferal density (FD); C: Shannon Index [H(S)]; and D: Equitability (E). 
 
“high”, with values ranging from 4–25, 26–46 and 47–68 individuals/g respectively. 
Nineteen samples were classified as low density, 8 samples as medium density, and 
the remaining 8 as high density. Similar to S, no apparent trend is observed except for 
areas of low density on the NW, central and SE sections of TL. High densities are 
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patchy and scattered across the estuary. 
The Shannon Index [H(S)] (Figure 5.22C) was used to evaluate the 
heterogeneity (i.e., diversity) of samples with respect to foraminiferal taxa. Index values 
ranged from 0.42–2.22. Three relative categories were again established: “low” diversity 
(0.42–1.02), “medium” (1.03–1.62) and “high” (1.63–2.22). Only 13 samples were 
classified as having low diversity, while 14 were classified as medium, and 8 were 
classified as high. Most samples (6/8) with higher diversity are found towards the NW 
 portion of TL, and low diversity samples were most common in the south-central areas. 
The Equitability Index (E’) measures the evenness of the foraminiferal distribution within 
the assemblage. The E’ values ranged from 0.20–0.87 (Figure 5.22D). Samples were 
grouped into three relative categories: “low” evenness (0.20–0.42), “medium” (0.46–
0.64) and “high” (0.65–0.87). More than half of the samples (18) were classified as 
having low equitability (i.e., high dominance), while 13 were classified as medium, and 4 
were classified as high. Again, the central part of the lagoon had mostly low equitability 
samples. 
Deformities of foraminiferal specimens were found in 19 out of 35 samples. All 
deformities are observed within the miliolids except for one sample which also had 
deformed A. beccarii tests. Percent deformities (FD) ranged from 2–18% 
A Pearson correlation matrix (Table 5.9) was calculated including the 13 PTEs of 
concern including bioavailable elements (F2-Cu, F2-Zn, F2-Fe), %TOC, %CO3, %mud, 
foraminiferal taxa, relative abundances and percent deformities. Numerous genera have 
a negative correlation with PTEs, bioavailable PTEs, %TOC and %mud. From the 
dominant assemblage, A. beccarii has a negative correlation with F2-Cu, F2-Zn and a 
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Table 5.9: Surface Samples. Pearson correlation matrix of PTEs, foraminifers, %TOC, 
%mud, %CO3, diversity indices, deformed foraminifers and relative abundance of key 
taxa (N=35; green= positive; red=negative; p<0.005 [0.34]). F2-PTE= acid soluble PTE. 
 
Sample Cu 
F2- 
Cu Zn 
F2- 
Zn Ni Pb Cr As Li Se 
Ammonia beccarii -0.01 -0.47 -0.11 -0.43 0.17 -0.24 -0.05 0.27 -0.03 0.27 
Ammobaculites 
agglutinans 
0.18 0.14 0.17 0.15 -0.05 0.16 0.23 0.31 0.08 -0.03 
Amphistegina sp. -0.82 -0.28 -0.75 -0.31 -0.59 -0.62 -0.70 -0.52 -0.77 -0.56 
Archaias sp. -0.74 -0.33 -0.68 -0.40 -0.48 -0.58 -0.65 -0.54 -0.67 -0.52 
Articulina mexicana -0.06 -0.04 -0.08 -0.08 -0.06 -0.04 0.10 -0.10 -0.01 -0.08 
Asterigerina carinata -0.74 -0.25 -0.67 -0.23 -0.45 -0.52 -0.65 -0.52 -0.64 -0.37 
Bolivina sp. -0.10 0.10 -0.09 0.15 -0.32 -0.02 0.11 0.16 -0.19 -0.13 
Cornuspira sp. 0.12 -0.20 0.12 -0.27 0.11 0.10 0.26 0.22 0.12 0.23 
Cribroelphidium 
poeyanum 
0.24 -0.20 0.16 -0.10 0.30 0.11 0.25 -0.04 0.22 -0.09 
Discorbinella sp. -0.11 -0.16 -0.12 -0.16 -0.15 -0.14 -0.13 0.18 -0.14 0.05 
Discorbis sp. -0.61 -0.17 -0.58 -0.15 -0.47 -0.46 -0.46 -0.37 -0.58 -0.39 
Elphidium sp. 0.11 0.12 0.10 0.12 -0.08 0.06 0.12 0.33 0.07 -0.05 
E. crispum -0.42 -0.17 -0.46 -0.39 -0.06 -0.37 -0.60 -0.19 -0.45 0.15 
E. discoidale 0.20 0.00 0.17 -0.01 0.15 0.15 0.24 -0.14 0.13 -0.28 
Eponides sp. -0.37 -0.14 -0.36 -0.21 -0.33 -0.26 -0.31 -0.36 -0.27 -0.22 
Florilus grateloupi 0.19 -0.02 0.21 -0.05 0.07 0.22 0.24 0.26 0.16 0.11 
Fursenkoina punctata 0.05 0.15 0.04 0.11 -0.04 0.04 0.15 -0.01 0.06 -0.13 
Heterostegina depresa -0.51 -0.13 -0.52 -0.18 -0.59 -0.39 -0.35 -0.48 -0.51 -0.49 
Massilina sp.  -0.01 -0.33 0.02 -0.35 0.17 -0.01 0.04 0.21 0.10 0.31 
Miliolinella sp. -0.48 -0.27 -0.44 -0.23 -0.18 -0.36 -0.41 -0.08 -0.37 -0.02 
Nonion sp. 0.03 -0.29 0.00 -0.26 -0.08 -0.06 0.15 0.28 0.00 0.01 
Quinqueloculina sp. -0.15 -0.27 -0.16 -0.21 0.08 -0.15 -0.10 -0.09 -0.07 0.09 
Q. agglutinans 0.24 0.18 0.30 0.18 0.31 0.34 0.19 -0.32 0.23 0.01 
Q. bosciana 0.19 -0.21 0.16 -0.26 0.22 0.16 0.00 0.05 0.16 0.16 
Q. polygona -0.20 -0.14 -0.21 -0.16 -0.29 -0.17 -0.06 -0.10 -0.24 -0.18 
Q. rhodiensis 0.36 -0.15 0.31 -0.13 0.32 0.25 0.38 0.31 0.29 0.21 
Q. seminula 0.21 0.08 0.22 0.09 0.19 0.23 0.27 -0.08 0.20 0.13 
Reusella sp. 0.03 0.09 0.06 0.14 -0.05 0.12 0.10 -0.03 -0.03 0.05 
Rosalina sp. -0.43 -0.23 -0.38 -0.24 -0.18 -0.26 -0.30 -0.22 -0.33 -0.17 
Triloculina sp. -0.17 -0.38 -0.14 -0.36 0.09 -0.14 -0.11 0.03 -0.08 0.09 
T. bicarinata -0.49 -0.12 -0.50 -0.16 -0.59 -0.37 -0.31 -0.46 -0.51 -0.50 
T. aevigata 0.14 -0.01 0.12 0.04 0.04 0.09 0.11 0.05 0.12 -0.16 
T. oblonga 0.36 -0.08 0.29 -0.01 0.33 0.22 0.36 0.03 0.33 -0.02 
T. tricarinata -0.29 0.07 -0.28 0.03 -0.44 -0.19 -0.06 -0.28 -0.34 -0.43 
T. trigonula -0.03 -0.24 0.03 -0.20 0.02 0.05 -0.09 0.16 0.01 -0.06 
Foram Density 
(tests/g) 
-0.02 -0.51 -0.11 -0.49 0.15 -0.18 0.01 0.23 -0.06 0.11 
ARA (%) -0.07 -0.18 -0.17 -0.15 -0.01 -0.32 -0.11 0.12 -0.04 0.31 
QRA (%) 0.40 0.19 0.34 0.24 0.19 0.27 0.44 0.30 0.36 0.17 
TRA (%) 0.45 0.22 0.41 0.30 0.27 0.36 0.45 -0.03 0.46 0.07 
Deformed Foram (%) 0.31 0.44 0.29 0.31 -0.03 0.29 0.41 0.21 0.18 0.07 
Species Richness (S) -0.38 -0.17 -0.35 -0.20 -0.34 -0.24 -0.09 -0.33 -0.37 -0.45 
Shannon Index [H(S)] -0.13 0.08 -0.05 0.04 -0.24 0.10 0.12 -0.31 -0.12 -0.44 
Equitability Index (E) 0.13 0.20 0.20 0.15 -0.02 0.32 0.15 -0.18 0.13 -0.13 
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Table 5.9: Continued. 
 
Sample Fe 
F2- 
Fe Mn V %TOC %CO3 %Mud 
Ammonia beccarii 0.12 0.42 -0.05 -0.01 0.19 0.24 0.19 
Ammobaculites 
agglutinans 0.21 -0.15 0.09 0.11 0.25 -0.10 0.26 
Amphistegina sp. -0.82 0.08 -0.53 -0.75 -0.74 0.29 -0.73 
Archaias sp. -0.75 0.28 -0.42 -0.66 -0.69 0.27 -0.74 
Articulina mexicana -0.13 0.24 0.24 -0.05 -0.19 0.03 0.01 
Asterigerina carinata -0.67 0.23 -0.46 -0.63 -0.63 0.15 -0.57 
Bolivina sp. -0.18 -0.30 0.04 -0.16 -0.21 0.13 0.18 
Cornuspira sp. 0.12 0.25 0.30 0.08 0.04 -0.02 0.36 
Cribroelphidium 
poeyanum 
0.27 0.29 0.18 0.27 0.29 -0.23 0.17 
Discorbinella sp. -0.03 0.11 -0.01 -0.15 0.01 0.11 0.12 
Discorbis sp. -0.61 -0.04 -0.39 -0.58 -0.57 0.23 -0.43 
Elphidium sp. 0.11 -0.21 0.03 0.02 0.15 0.08 0.17 
E. crispum -0.47 0.21 -0.58 -0.39 -0.10 0.26 -0.34 
E. discoidale 0.20 -0.04 0.01 0.20 0.08 -0.26 0.21 
Eponides sp. -0.35 0.31 -0.17 -0.26 -0.50 0.01 -0.27 
Florilus grateloupi 0.16 0.09 0.35 0.10 0.20 -0.14 0.41 
Fursenkoina punctata -0.04 -0.17 0.10 0.02 -0.03 0.06 0.14 
Heterostegina depresa -0.58 0.02 -0.37 -0.45 -0.76 0.15 -0.40 
Massilina sp.  0.13 0.66 0.30 0.00 0.09 -0.02 0.16 
Miliolinella sp. -0.33 0.27 -0.19 -0.44 -0.20 0.16 -0.28 
Nonion sp. 0.04 -0.03 0.03 -0.04 0.17 0.11 0.15 
Quinqueloculina sp. -0.13 0.08 -0.08 -0.13 -0.18 0.14 -0.03 
Q. agglutinans 0.22 0.35 0.22 0.32 0.09 -0.46 0.17 
Q. bosciana 0.17 0.10 0.15 0.17 0.19 -0.16 0.28 
Q. polygona -0.24 0.00 -0.12 -0.21 -0.47 0.14 -0.10 
Q. rhodiensis 0.38 0.29 0.40 0.31 0.34 -0.12 0.55 
Q. seminula 0.14 0.18 0.25 0.18 0.11 -0.20 0.28 
Reusella sp. -0.04 0.08 0.08 0.04 -0.10 -0.10 0.21 
Rosalina sp. -0.45 0.07 -0.25 -0.38 -0.44 0.15 -0.23 
Triloculina sp. -0.09 0.29 0.04 -0.14 -0.01 0.09 -0.02 
T. bicarinata -0.58 -0.03 -0.36 -0.44 -0.75 0.17 -0.38 
T. aevigata 0.14 0.05 0.23 0.12 0.17 -0.13 0.27 
T. oblonga 0.34 0.19 0.30 0.37 0.21 -0.23 0.54 
T. tricarinata -0.46 -0.17 -0.12 -0.30 -0.53 0.17 -0.10 
T. trigonula 0.01 0.18 0.04 -0.06 0.01 -0.09 0.12 
Foram Density 
(tests/g) 
0.06 0.45 0.01 -0.04 0.11 0.16 0.30 
ARA (%) 0.11 0.19 -0.07 -0.04 0.15 0.30 -0.05 
QRA (%) 0.42 0.00 0.53 0.34 0.34 -0.09 0.45 
TRA (%) 0.42 -0.16 0.34 0.46 0.25 -0.31 0.52 
Deformed Foram (%) 0.31 -0.38 0.19 0.26 0.18 -0.18 0.33 
Species Richness (S) -0.43 0.28 0.05 -0.36 -0.49 0.03 -0.05 
Shannon Index [H(S)] -0.22 0.00 0.18 -0.13 -0.28 -0.29 0.10 
Equitability Index (E) 0.04 -0.24 0.06 0.12 0.02 -0.39 0.10 
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positive correlation with F2-Fe. Quinqueloculina rhodiensis has a positive correlation 
with Cu, Cr, Fe, Mn, %TOC and %mud. Triloculina oblonga correlates positively with 
Cu, Cr, Fe, V, and %mud. Percent deformities correlate positively with F2-Cu and Cr 
and negatively with F2-Fe. 
Foraminferal density correlates negatively with F2-Cu and F2-Zn and positively 
with F2-Fe. Species richness correlates negatively with Cu, F2-Cu, F2-Zn, Li, Se, Fe, 
%TOC and %CO3. The H(S) shows no correlation except negatively with Se; %CO3 
correlates negatively with E. Relative abundances of A. beccarii show no correlations  
while QRA and TRA both are positively correlated with Cu, Zn, Cr, Li, Fe, V, %TOC and 
%mud. Nickel correlates with TRA and V with QRA. 
Bioavailable PTEs show no significant correlation with key taxa, relative 
abundances or ecological indices except FD, which is negatively correlated with F2-Cu 
and F2-Zn, and positively correlated with F2-Fe. The percent deformed foraminifers 
correlates positively with F2-Cu, Cr, and negatively with F2-Fe. 
 
5.4.1.2 Cluster Analysis  
Cluster diagrams were created using PAST statistical software to assess 
distribution of foraminifers that were present in at least 5% of all the samples. Across all 
taxa and all samples, three clusters are identified (Figure 5.23). Cluster 1 is composed 
solely of A. beccarii, which is a stress tolerant taxon and is the overwhelmingly 
dominant foraminifer in TL. Cluster 2 is composed of Q. rhodiensis and T. oblonga. 
Cluster 3 includes all others. 
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Figure 5.23: Surface sample foraminiferal assemblage cluster analysis (Bray Curtis). Square boxes are depicting clusters 1 and 2.  
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Figure 5.24: Distirbution of key foraminferal genera in surface sediments. A: Ammonia beccarii 
relative abundance (RA), B: Quinqueloculina sp. relative abundance (RA), and C: Triloculina sp. 
relative abundance (RA). 
 
5.4.1.3 Relative Abundances (RA) 
 Figure 5.24 shows the relative abundances of A. becarrii, Quinqueloculina sp. 
and Triloculina sp. Ammonia RA (ARA) range between 0.7–91%. Three relative 
categories were established: “low” ARA is <30%, while “medium” and “high” are 30–
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61% and >61% respectively. Five samples were classified as having low ARA, 13 as 
medium, and 17 as high. High ARA is mostly found towards the central - SW portion of 
the estuary. A very similar distribution to the pattern of low species richness is seen in 
Figure 5.22A, indicating the dominance of A. beccarii in those samples. Samples with 
low RA (3 out of 5) are in proximity of Boca de Cangrejos (connection to Atlantic Ocean) 
and the sample with the lowest ARA is found at the marina east of Quebrada Blasina 
(0.7%).  
Quinqueloculina RA (QRA) values ranges from 0–40%. Three relative categories 
were established: “low” RA is <10%, “medium” and “high” are 10–26% and >27% 
respectively. Nearly all samples (28) were classified as having low QRA, with 6 as 
medium, and 1 as high. 
Triloculina RA (TRA) values range between 0–43%, with “low” TRA defined as 
<14%, while “medium” as (14–28%) and “high” as >29%. Most samples (30) were 
classified as having low TRA, with 5 exceptions.  The TRA distribution is very similar to 
QRA.  
 
5.4.2 Core Samples 
5.4.2.1 Foraminiferal Assemblages 
5.4.2.1.1 Torrecillas Lagoon Core-I07 
For CoreTLCI07, a total of 26 samples yielded 6,893 foraminifers belonging to 12 
genera and 21 species. Stained foraminifers were seldom encountered, so all counts 
represent total abundance. Of the 21 species, A. beccarii (4,567 individuals), Q. 
rhodiensis (464 individuals), A. agglutinans (574 individuals), and Triloculina sp. (261 
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individuals) were the most abundant taxa across all samples. Elphidium discoidale (352 
individuals) is the fifth most abundant foraminifer. None of the other 21 species 
accounted for 100 individuals across all samples.  
Raw counts and diversity indices (species richness, foraminiferal density, 
Shannon Index, and Equitability Index) are shown on Appendix O. Species richness (S) 
ranged from 8–13 species (Figure 5.25A), while FD was consistently ~60 tests/g (Figure 
5.25C), with the exception of several samples devoid of foraminiferal tests. Shannon-
Index [H(S)] values were low ranging from 0.59–1.61. Unlike S and FD, the data for 
H(S) show two distinct trends (Figure 5.25B). Between 43 cm and 23 cm core depth, 
H(S) shows a two-fold decrease towards the lowest value of 0.59. From 23 cm to 0.5 
cm an almost three-fold increase is observed with the highest H(S) value (1.61) seen at 
2 cm depth. Equitability (E’) index values ranged from 0.16-0.50 (Figure 5.25B). The 
vertical variability (core base: 0.32; core top: 0.42) is similar to that of H(S), increasing 
above 23 cm.  
A Pearson correlation matrix (Table 5.10) was calculated for the 13 PTEs of 
concern including bioavailable elements (F2-Cu, F2-Zn, F2-Fe), %TOC, %CO3, %mud, 
foraminiferal taxa, relative abundances and deformities. Similar to surface samples 
some genera show a negative correlation with PTEs, %TOC and %mud. The acid-
soluble PTEs have relatively few correlations with individual foraminiferal taxa. A 
notable exception is the significant negative correlations between bioavailable PTEs 
and two Elphidium species. From the dominant assemblage, A. beccarii shows a 
positive correlation with Cu, Zn, Ni, As and Li, A. agglutinans correlates positively with 
Pb, Cr and Mn, and Q. rhodiensis with Pb. Quinqueloculina rhodiensis and A.
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Figure 5.25: Vertical distributions of measured parameters of foraminiferal assemblages in Core 
TLCI07. Number of Species (S), Shannon Index [H(S)], Equitability Index (E) (dashed line) and 
Foraminiferal Density (FD). 
 
agglutinans have negative correlations with Cu, Ni, As, Li and %CO3. Percent 
deformities show no correlation with any of the studied parameter while FD and ARA 
have similar positive (Cu-Ni-As-Li) and negative (Pb) correlations. In addition, FD has a 
positive correlation with Se and ARA with Zn. Similarly, both AmRA and QRA have the 
similar positive (Pb) and negative (Cu-Ni-As-Li-%CO3) correlations. Shannon Index 
correlates positively with Pb, Cr and %TOC and negatively with Cu, F2-Cu, Zn, Ni, Li 
and F2-Fe. The E index correlates positively with Pb, Cr only and negatively with Cu, 
Zn, Ni and Li. 
 
5.4.2.1.2 Torrecillas Lagoon Core-I09 
In CoreTLCI09, a total of 33 samples yielded 750 foraminifers, which were picked 
and identified as belonging to 12 genera and 22 species (Appendix P). Stained 
foraminifers were seldom encountered, so all counts represents total abundance.  
    A.                                            B.                                       C.  
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Table 5.10: Core TLCI07. Pearson correlation matrix of PTEs, foraminifers, %TOC, 
%mud, %CO3, diversity indices, percent deformed foraminifers, and relative abundance 
of key taxa (AmRA= Ammobaculites sp. Relative Abundance) (N=29; green= significant 
positive correlation; red= significant negative correlation; p<0.05 [0.37]). F2-PTE= acid-
soluble PTE. 
 
Sample Cu 
F2- 
Cu Zn 
F2- 
Zn Ni Pb Cr As Li Se 
Ammonia  beccarii 0.65 0.17 0.38 -0.13 0.65 -0.71 -0.30 0.48 0.66 0.33 
Ammobaculites 
agglutinans -0.42 -0.05 -0.19 0.24 -0.42 0.64 0.38 -0.64 -0.44 -0.26 
Brizalina sp. 0.25 0.21 0.20 0.01 0.28 -0.39 -0.18 0.40 0.30 0.16 
Cornuspira sp. -0.11 -0.05 -0.06 0.02 -0.04 -0.13 -0.22 0.02 -0.06 0.28 
Discorbinella sp. -0.17 0.16 0.03 0.26 -0.16 0.00 -0.22 -0.35 -0.08 -0.41 
Elphidium sp. 0.02 -0.52 -0.23 -0.60 0.08 0.06 0.36 0.43 0.04 0.07 
E. crispum -0.20 -0.18 0.00 -0.09 -0.21 -0.23 0.06 -0.14 -0.21 0.12 
E. discoidale 0.22 0.30 0.20 0.12 0.20 -0.44 -0.11 0.29 0.19 0.27 
E. poeyanum 0.30 -0.42 -0.05 -0.65 0.40 -0.46 0.14 0.69 0.34 0.45 
Fursenkoina sp. 0.18 0.08 0.13 0.05 0.18 -0.04 0.00 0.08 0.20 -0.12 
Florilus sp. 0.33 -0.28 0.03 -0.43 0.35 -0.58 0.04 0.47 0.29 0.33 
Miliolinella sp. -0.34 -0.01 -0.21 0.09 -0.35 0.22 0.34 -0.21 -0.35 0.00 
Quinqueloculina sp. -0.39 -0.03 -0.21 0.04 -0.33 0.10 0.35 -0.02 -0.34 -0.15 
Q. agglutinans -0.24 -0.04 -0.16 0.05 -0.24 0.04 0.13 -0.19 -0.21 0.00 
Q. rhodiensis -0.56 -0.28 -0.34 0.02 -0.57 0.70 0.26 -0.45 -0.58 -0.32 
Q. linneiana -0.31 0.00 -0.29 0.13 -0.41 0.01 -0.02 -0.06 -0.43 0.09 
Q. candeiana 0.19 -0.02 -0.03 -0.12 0.13 -0.23 0.06 0.13 0.18 0.00 
Rosalina sp. 0.39 0.25 0.24 0.15 0.34 -0.22 -0.19 0.14 0.32 0.03 
Triloculina sp. -0.31 -0.13 -0.30 0.05 -0.38 0.20 0.12 -0.19 -0.43 0.07 
T. trigonula 0.35 -0.05 0.20 -0.24 0.39 -0.35 -0.27 0.54 0.39 0.25 
Foram Density 
(tests/g) 
0.43 0.06 0.21 -0.19 0.45 -0.59 -0.09 0.55 0.42 0.41 
ARA (%) 0.67 0.20 0.40 -0.09 0.65 -0.68 -0.37 0.38 0.69 0.24 
QRA (%) -0.57 -0.27 -0.34 0.03 -0.58 0.71 0.24 -0.47 -0.58 -0.33 
AmRA (%) -0.42 -0.05 -0.19 0.24 -0.42 0.64 0.38 -0.64 -0.44 -0.26 
Deformed Foram (%) 0.09 0.08 -0.07 0.06 0.06 -0.13 -0.22 -0.11 0.12 -0.33 
Species Richness (S) 0.05 -0.21 -0.07 -0.25 0.07 -0.52 0.05 0.14 0.08 0.09 
Shannon Index [H(S)] -0.61 -0.37 -0.42 -0.11 -0.57 0.47 0.47 -0.27 -0.63 -0.06 
Equitability Index (E) -0.60 -0.21 -0.38 0.06 -0.59 0.70 0.38 -0.34 -0.63 -0.19 
 
Quinqueloculina seminula (181 individuals), A. beccarii (174 individuals), and Q. 
rhodiensis (139 individuals) were the most abundant across all samples. None of the 
other 19 species accounted for more than 70 individuals across all samples. All 
ecological variables [S, FD, H(S) and E] varied widely and many samples were devoid 
of foraminifers (Figure 5.26). 
Deformities were found in 7 out of 36 samples. All deformities are observed 
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Table 5.10: Continued. 
 
Sample Fe 
F2- 
Fe Mn V %TOC %CO3 %Mud  
Ammonia  beccarii 0.19 0.24 -0.26 -0.03 -0.13 0.32 -0.01 
Ammobaculites 
agglutinans 
0.00 -0.22 0.39 0.27 0.04 -0.55 0.30 
Brizalina sp. 0.00 0.33 -0.22 -0.21 -0.13 0.36 -0.44 
Cornuspira sp. 0.07 -0.04 -0.27 0.05 0.15 0.01 -0.06 
Discorbinella sp. -0.16 0.16 -0.04 0.02 -0.22 -0.05 -0.02 
Elphidium sp. 0.02 -0.45 -0.21 -0.02 0.35 0.04 0.02 
E. crispum -0.05 -0.22 -0.03 0.01 0.18 0.02 0.21 
E. discoidale -0.14 0.39 -0.18 -0.27 0.17 0.18 0.15 
E. poeyanum 0.13 -0.39 -0.50 0.00 0.31 0.17 0.09 
Fursenkoina sp. 0.21 0.14 0.15 0.10 -0.30 0.20 -0.40 
Florilus sp. 0.14 -0.22 -0.22 0.01 0.20 0.35 0.11 
Miliolinella sp. -0.09 -0.06 0.25 0.01 0.07 -0.20 0.08 
Quinqueloculina sp. -0.34 0.06 0.13 -0.32 0.19 0.14 -0.37 
Q. agglutinans -0.02 -0.05 -0.02 0.05 -0.01 -0.13 0.05 
Q. rhodiensis -0.12 -0.31 0.19 0.10 0.13 -0.40 0.05 
Q. linneiana -0.27 0.12 0.15 -0.31 0.17 0.18 -0.06 
Q. candeiana -0.03 0.04 0.12 -0.12 0.08 0.15 -0.03 
Rosalina sp. 0.05 0.21 0.13 -0.03 -0.17 0.19 0.06 
Triloculina sp. -0.18 -0.25 -0.02 -0.04 0.17 -0.16 0.19 
T. trigonula 0.01 0.03 -0.33 -0.13 0.01 0.32 -0.26 
Foram Density 
(tests/g) 
0.06 0.15 -0.30 -0.13 0.16 0.23 0.02 
ARA (%) 0.23 0.25 -0.20 0.01 -0.26 0.34 -0.04 
QRA (%) -0.12 -0.31 0.19 0.10 0.11 -0.40 0.04 
AmRA (%) 0.00 -0.22 0.39 0.27 0.04 -0.55 0.30 
Deformed Foram (%) -0.07 0.23 0.25 -0.07 -0.11 0.17 -0.19 
Species Richness (S) -0.13 -0.26 -0.19 -0.08 0.15 0.16 0.07 
Shannon Index [H(S)] -0.19 -0.44 0.06 0.02 0.37 -0.33 0.17 
Equitability Index (E) -0.18 -0.24 0.20 0.01 0.24 -0.34 0.05 
 
within the miliolids. Percent deformities (FD) ranged from 2–7%. 
A Pearson correlation matrix (Table 5.11) was calculated for the 13 PTEs of concern 
including bioavailable elements (F2-Cu, F2-Zn, F2-Fe), %TOC, %CO3, %mud, 
foraminiferal taxa, relative abundances and deformities. Relatively few significant 
correlations were identified among the studied parameters. However, As and Mn are the 
only two PTEs that positively correlate with multiple foraminifers. Of the two dominant 
assemblage taxa, only Q. rhodiensis correlates positively with As. Ammonia beccarii 
only has a negative correlation with Cr. Percent deformities positively correlate with Pb,  
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Table 5.11: Core TLCI09. Pearson correlation matrix of PTEs, foraminifers, %TOC, 
%mud, %CO3, diversity indices, percent deformed foraminifers, and relative abundance 
of key taxa (QrRA= Quinqueloculina rhodiensis Relative Abundance; QsRA= 
Quinqueloculina seminula Relative Abundance) (N=36; green= significant positive 
correlation; red= significant negative correlation; p<0.05 [0.31]). F2-PTE= acid-soluble 
PTE. 
 
Sample Cu 
F2- 
Cu Zn 
F2- 
Zn Ni Pb Cr As Li Se 
Ammonia beccarii -0.09 -0.06 -0.14 0.04 -0.10 -0.16 -0.36 0.01 0.15 -0.05 
Ammobaculites 
agglutinans 
-0.10 0.19 -0.14 0.02 0.01 -0.13 0.21 0.75 0.26 0.03 
Bolivina sp. -0.12 0.17 -0.16 0.00 -0.01 -0.12 0.21 0.74 0.25 0.04 
Cyclogira planorbis -0.20 0.15 -0.17 0.03 -0.06 -0.09 0.15 0.70 0.29 0.04 
E. discoidale -0.03 0.14 -0.11 0.04 -0.01 -0.11 -0.06 0.50 0.24 0.29 
Miliolinella sp. 0.13 -0.09 0.06 0.05 0.22 -0.02 -0.26 0.13 0.34 -0.17 
Nonion sp. -0.21 0.13 -0.19 0.00 -0.17 -0.15 0.10 0.65 0.18 0.11 
Quinqueloculina sp. -0.20 0.10 -0.34 0.04 -0.07 0.02 -0.09 0.29 0.19 0.23 
Q. bosciana -0.10 0.13 -0.22 0.02 -0.10 -0.12 0.03 0.54 0.14 0.25 
Q. lamarkiana -0.24 0.01 -0.39 0.08 -0.17 0.14 -0.20 0.04 0.16 0.04 
Q. rhodiensis -0.02 0.14 0.11 0.11 0.04 -0.16 -0.16 0.33 0.24 -0.21 
Q. seminula -0.07 0.01 0.14 0.06 -0.07 -0.24 -0.25 0.01 0.09 -0.41 
Rosalina sp. -0.04 0.07 -0.09 0.05 0.01 0.03 0.03 -0.03 0.17 0.13 
Triloculina sp. -0.04 -0.15 -0.18 0.01 0.04 0.01 -0.15 0.09 0.22 -0.15 
T. laevigata -0.12 0.18 -0.17 0.03 -0.01 -0.13 0.16 0.72 0.26 0.02 
T. trigonula -0.12 0.04 -0.17 0.12 -0.01 0.38 -0.09 0.03 0.21 0.34 
Foram Density 
(tests/g) 
-0.15 0.08 -0.06 0.21 -0.06 0.37 -0.26 0.11 0.33 0.16 
ARA (%) 0.13 0.14 0.01 0.17 0.09 -0.13 -0.24 -0.05 0.13 -0.13 
QrRA (%) -0.04 0.04 0.03 0.14 0.01 0.14 -0.28 0.06 0.38 0.02 
QsRA (%) -0.03 -0.02 0.00 0.10 0.01 -0.25 -0.35 0.11 0.28 -0.32 
Deformed Foram (%) -0.10 0.04 -0.07 0.19 0.02 0.53 -0.17 0.05 0.32 0.36 
Species Richness (S) -0.10 0.17 -0.21 0.14 -0.08 -0.25 -0.25 0.33 0.36 -0.16 
Shannon Index [H(S)] -0.17 0.10 -0.27 0.16 -0.13 -0.02 -0.32 0.25 0.42 0.02 
Equitability Index (E) -0.21 0.25 -0.45 0.14 -0.18 -0.03 -0.14 0.04 0.17 -0.05 
 
Se and %TOC, and negatively with %CO3. 
 
5.4.2.2 Cluster Analysis 
For core TLCI07 cluster diagrams were created using PAST statistical software  
to assess foraminiferal assemblages that were present in at least 5% of all the samples. 
Across all taxa and all samples, three clusters are evident (Figure 5.27). Cluster 1 is 
composed solely of A. beccarii, which is stress tolerant and is the dominant foraminifer 
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Table 5.11: Continued. 
 
Sample Fe 
F2- 
Fe Mn V %TOC %CO3 %Mud  
Ammonia beccarii -0.04 -0.12 0.05 -0.03 0.08 0.22 0.17 
Ammobaculites 
agglutinans 
0.01 0.17 0.88 -0.17 0.06 0.10 0.09 
Bolivina sp. -0.02 0.13 0.88 -0.19 0.07 0.09 0.10 
Cyclogira planorbis -0.08 0.16 0.80 -0.27 0.14 0.21 0.09 
E. discoidale -0.01 0.05 0.55 -0.06 0.15 0.04 0.09 
Miliolinella sp. 0.20 0.05 0.09 0.10 0.01 0.14 0.07 
Nonion sp. -0.14 0.06 0.75 -0.28 0.12 0.15 0.15 
Quinqueloculina sp. -0.17 0.03 0.16 -0.22 0.22 0.16 -0.04 
Q. bosciana -0.07 0.02 0.58 -0.12 0.18 0.09 0.08 
Q. lamarkiana -0.18 0.13 -0.10 -0.25 0.26 0.40 -0.05 
Q. rhodiensis 0.06 0.14 0.27 -0.04 -0.01 0.05 0.10 
Q. seminula 0.00 -0.02 0.05 -0.03 -0.03 0.08 0.17 
Rosalina sp. -0.04 0.14 -0.01 -0.06 0.11 0.21 0.00 
Triloculina sp. 0.03 -0.03 0.01 -0.09 0.10 0.26 0.04 
T. laevigata -0.01 0.14 0.86 -0.16 0.11 0.14 0.11 
T. trigonula -0.12 0.22 -0.15 -0.17 0.32 0.23 -0.31 
Foram Density 
(tests/g) 
-0.11 0.26 0.04 -0.20 0.30 0.21 -0.22 
ARA (%) 0.11 0.19 -0.04 0.12 -0.01 0.07 0.07 
QrRA (%) -0.02 0.12 0.09 -0.11 0.15 0.12 0.01 
QsRA (%) 0.07 0.01 0.16 0.00 0.04 0.24 0.20 
Deformed Foram (%) -0.09 0.28 -0.09 -0.17 0.32 0.20 -0.33 
Species Richness (S) -0.01 0.13 0.42 -0.11 0.12 0.26 0.29 
Shannon Index [H(S)] -0.09 0.13 0.32 -0.19 0.25 0.34 0.18 
Equitability Index (E) -0.18 0.17 0.07 -0.25 0.26 0.33 -0.13 
 
in TL. Cluster 2 includes Q. rhodiensis and A. agglutinans. Cluster 3 consists of 10 
genera that were relatively rare in TL.  
For core TLCI09, cluster analysis yielded three clusters (Figure 5.28) of which  
two are composed of individual taxa. Quinqueloculina seminula and Q. rhodiensis  
comprise Clusters 1 and 2 respectively. Cluster 3 consists of 9 genera that includes 
A. beccarii.  
 
5.4.2.3 Relative Abundances (RA) 
For core TLCI07 the A. beccarii RA range (Figure 5.29A) is 37–88%. 
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The ARA increases from 69% to 89% between 43 cm and 23 cm. From 23 cm to 0.5 cm 
the ARA decreases, reaching a minimum value of 37% at 2.5 cm. Elphidium sp. RA 
declines upward from nearly 17% close to base of the core to <5% near the top (Figure 
5.29B). Elphidium sp. was absent at 23 cm which coincides with the ARA maximum 
value of 89%.  
Quinqueloculina rhodiensis RA and milioid RA are nearly identical in core 
TLCI07; since Q. rhodiensis is the most abundant miliolid, it controls the vertical 
distribution of the miliolid group (Figure 5.29C and E), which ranges from 0% near the 
base of the core to 21% near the top. Triloculina sp. RA (TRA) ranges between 0–10%. 
Below 15 cm, its occurrence is sporadic (Figure 5.29D). From 15 cm to 0.5 cm it 
generally increases, with a maximum RA value of 10% at 1.5 cm. 
Core TLCI09 has numerous samples in which no foraminifers were found. This is 
reflected in the erratic nature of the RA vertical distributions of all common taxa (Figure  
5.26A-D). 
 
5.5 Discussion 
5.5.1 Sediment Surface Samples and Potentially Toxic Elements 
Torrecillas Lagoon is a fairly restricted and low energy lagoon with surface 
sediments mostly dominated by mud (Figure 5.4A). Coarsening of sediments towards 
the NW is related to higher energy environments; this also explains lower %TOC values 
(Figure 5.4B; Table 5.5). Higher %TOC values towards the SE are likely associated with 
local input, low wave energy, water stratification and water depth. Water depths vary 
from <1 m to 12 m (Figure 5.1, Table 5.4), with some areas well mixed (e.g., Station
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Figure 5.26: Distribution of key foraminiferal genera in Core TLCI09. Ammonia beccarii, Q. rhodiensis, Q. seminula, and Miliolid 
relative abundance (RA). Number of Species (S), Shannon Index [H(S)], Equitability Index (E) (squares), and Foram density (FD). 
A.                                        B.                                    C.                                           D. 
            E.                                                    F.                                              G. 
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Figure 5.27: Foraminiferal assemblage cluster analysis (Bray Curtis) for Core TLCI07. Square boxes are depicting clusters 1-3. 
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Figure 5.28: Foraminiferal assemblage cluster analysis (Bray Curtis) for Core TLCI09. Square boxes are depicting clusters 1-3. 
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Figure 5.29: Distribution of key foraminiferal genera in Core TLCI07. Ammonia beccarii, Elphidium sp. relative abundance (RA), Q. 
rhodiensis (RA), Triloculina sp. relative abundance (RA) and miliolid relative abundance (RA). 
  A.                                                        B.                                                            C. 
                             E.                                                                   F.  
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#17) and others strongly stratified with respect to oxygen, pH, temperature and salinity 
(Figure 5.11-5.14). Dredging operations until the mid-1970s created unconnected 
deeper “holes” (>3.5 m), where “oxiclines” can develop (Figure 5.11), which allow for a 
preservation of organic matter. In addition, strong pH stratification, with values <7.4 at 
depths >5 m (Figure 5.12), is attributed to apparent oxygen utilization (low DO) in the 
SE section when compared with %mud and %TOC (Figure 5.4 C).  
The sources of PTEs are numerous in nature (see Chapter Two in Appendix A). 
In TL, anthropogenic sources are also many, including sewage outflows, agricultural 
and industrial sources, runoff from airport runways and urban areas, small marinas, and 
many others (Figure 1.2; Table 1.4). The distribution PTEs in the lagoon are intimately 
related to sediment texture, %TOC and water depth. In general the highest PTE 
concentrations are found on the SE section (Cu, Zn, F2-Zn, Pb, Ni, Cr, Zr, Li, V, Fe and 
F2-Fe) or relatively evenly distributed with no discernable pattern (F2-Cu, As, Se and 
Mn) (Figures 5.5-5.8), indicating the influence of both point- and non-point sources of 
pollution. 
Torrecillas Lagoon receives effluents from treatment plants (Figure 1.2). For 
example, outflows from sewage treatment facilities discharge into Quebrada Blasina 
(Figure 1.1; Table 1.3), and neighborhoods relying on septic tanks occur towards the 
east. The lagoon is bordered by “clandestine” solid waste dumps (e.g., Laguna 
Piñones), whose effluents reach TL along the eastern area (Figure 1.2). The input of 
dissolved nutrients and organic matter contribute to the %TOC, which can complex 
PTEs.  PTEs are also adsorbed by mud-size sediments (e.g., terrigenous input) from 
Quebrada Blasina and Canal Suarez. In anoxic conditions, PTEs (e.g., Cu, Pb, Zn) are 
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sequestered by Fe/Mn oxides and sulfides (Davies et al., 2005). As shown in Table 5.5, 
Cu, Zn, Ni, Pb, Cr, Li and V are positively correlated with Fe/Mn. Moreover, framboidal 
pyrite was commonly seen in the tests of foraminifers (see Chapter Two, Plate 1 in 
Appendix A). Arsenic is the only PTE whose total concentration is elevated towards the 
center of the lagoon. Overall, PTE distributions can be explained by their adsorption 
capacity by fine sediments (silt+clay = mud) and complexation with organic matter. 
Moreover, given the hypoxic and corrosive nature of this area, the remobilization of As 
species (most likely As+3) may also be occurring under reducing conditions, as 
described by Siegel (2002). The overall general distribution and low PTE concentrations 
in porewater indicates rapid sequestration and complexation by sediments and organic 
matter. 
 
5.5.1.1 Foraminiferal Spatial Distributions 
Foraminiferal assemblages in Torrecillas Lagoon taxonomically are characteristic 
of estuarine environments. The assemblage is dominated by A. beccarii, Q.  rhodiensis 
and T. oblonga (Figure 5.23). Ammonia beccarii is well known to be stress-tolerant 
under anthropogenic as well as natural stressors. Fluctuations in salinity, food supply, 
temperature, oxygen, and pollutants, including PTEs (Buzas-Stephens and Buzas, 
2005; Frontalini and Coccioni, 2008; de Nooijer et al., 2007; among others), are some of 
the stresses that this taxon can survive. In coastal areas in Puerto Rico, such as Jobos 
Bay and Guanyanilla Lagoon, A. beccarii dominate the assemblages, along with Q. 
rhodiensis in substrates impacted by organic pollution (Seiglie, 1968,1975). 
Cribroelphidium excavatum and some Elphidium spp. are also opportunistic, stress-
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tolerant taxa that can survive changes in oxygen concentrations (e.g., Debenay et al., 
2009; Dabbous and Scott, 2012). Although found in the current study, these taxa were 
not common. However, a few other species recorded in TL, notably Q. seminula, are 
well known stress-tolerant taxa (e.g., Foster et al., 2012), especially in warm water 
environments. 
Numerous studies involving the use of foraminifers as bioindicators of pollution 
report the impact of PTEs and other stressors on ecological indices (e.g., Alve, 1991; 
Hayward et al., 2004; Foster et al., 2012).  These indices, as calculated from 
foraminiferal assemblages in TL, are characteristic of a heavily impacted environment. 
Species richness, FD, H(S) and E are very low compared to similar estuarine 
environments such as Biscayne Bay (e.g., Carnahan et al., 2009) and Point Joinville 
(Debenay et al., 2001). Moreover, very few foraminifers were recorded as live in the 
samples collected from TL.  
The highest species richness (S) values are found towards the NW and SE 
sections of the lagoon (Figure 5.22A). The data show no correlation with either %mud or 
%CO3, indicating neither parameter is influencing the number of species in the lagoon. 
However, the significant negative correlation with %TOC is likely related to redox 
changes (suboxic to oxic conditions) (Figure 5.11). Ellis and Gómez-Gómez (1976) 
previously recorded anaerobic conditions below 2 m water depth and DO levels 
between 1–3.4 mg/L. Permanent anoxic settings due to abundant organic matter and 
lack of mixing is highly detrimental to most foraminiferal species (Schonfeld et al., 
2012). Species richness also negatively correlates with PTE bulk concentrations in TL, 
which is in agreement with other studies (Alve, 1991; Armynot du Chatelet et al., 2004; 
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Eichler et al., 2012; Salvi et al., 2015).  
Abundance of foraminiferal tests (FD) have lower values towards the NW and SE 
of the lagoon (Figure 5.22B). Interestingly, FD shows no correlation with any parameter 
except negatively with F2-Cu and F2-Zn and positively with F2-Fe. Romano et al. 
(2008) and Frontalini and Coccioni (2008) found similar low densities in 
anthropogenically impacted environments. In some coastal environments, low FD has 
been reported to correlate to low %TOC (<2%) (Armynot du Chatelet et al., 2009). 
Although no correlation was found with %TOC, pH and anoxia are more likely the 
controlling mechanisms. In addition, Debenay and Fernandez (2009) and Martins et al. 
(2011, 2013) also found bioavailable PTEs negatively correlated with foraminiferal 
density.  
An important aspect to consider is dispersal mechanisms. Foraminiferal tests are 
small and readily transported by tidal currents (Carnahan et al., 2009; Arslan et al., 
2016a). Moreover, foraminifers release propagules and these can be concentrated in 
areas that could yield higher densities (Alve and Goldstein, 2003) when environmental 
conditions are appropriate (Carnahan et al., 2009). However, due to the highly corrosive 
conditions in deeper zones of the lagoon, tests dispersed into such areas likely dissolve, 
which would contribute to low FD values. 
Similar to S and FD, low diversity indices are known to be indicative of PTE 
pollution (e.g., Samir 2000; Kfouri et al., 2005; Bergin et al., 2006 and Foster et al., 
2012). Both H(S) and E show the similar spatial pattern having “low” values towards the 
center of the lagoon (Figure 5.4C-D). Diversity indices from TL show no significant 
correlations with PTEs, except Se bulk concentrations are negatively correlated with 
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H(S). The low diversities and low abundances of foraminiferal tests in TL are indicative 
of stressed environments (Figure 5.22), but PTEs do not appear to be the primary 
environmental factor stressing the aforementioned assemblages in the lagoon. 
The relative abundances of Q. rhodiensis (QRA) and T. oblonga (TRA) are 
generally quite low, while A. beccarii (ARA) generally dominates towards the center of 
the lagoon (Figure 5.24A-C). The central portion of the lagoon, as well as towards the 
SE, where the highest ARA values are found, is dissected by dredged channels (Figure 
1.2). The fact that ARA shows no correlations further demonstrates that this species is 
nearly ubiquitous in the lagoon. Moreover, the high-Mg calcite miliolid tests are more 
prone to dissolution in deeper, corrosive areas of the lagoon. Dissolution could also help 
explain the low foraminiferal densities and indices in TL; numerous specimens of 
foraminifers showing dissolution scars support this hypothesis (see Plate I in Appendix  
A).  
Dias et al. (2010) noted lower number of foraminifers in assemblages dominated 
by agglutinated forms when pH <7.6. In TL, pH profiles show pH as low as 7.2 at depths 
>3.5 m (Figure 5.12) although agglutinated forms were rarely found. The QRA and TRA 
have positive correlations with several bulk PTEs. This observation is not consistent 
with studies that have concluded that PTEs are foraminiferal stressors (e.g., Alve, 2001; 
Debenay et al., 2001b). The significance of my finding is that conclusions should not be 
based on bulk PTE concentrations but instead must consider chemical fractionations as 
well as enrichment (see section 5.4.4 for discussion). 
Numerous studies have debated the importance of test deformities as a proxy of 
pollution. Benthic foraminifers show a multitude of deformities when exposed to 
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changes in salinity, pH, PTEs, temperature, among others (Seiglie 1971, 1975; Alve, 
1991; Le Cadre et al., 2003; Salvi, et al., 2015) (see Table 4 in Appendix A). Deformed 
foraminifers were found in 54% of the samples from TL, with a high of 16% deformed 
foraminifers recorded in one sample (see Plate 1 in Appendix A). The foraminifers 
exhibiting deformed tests are mostly miliolids, especially Quinqueloculina spp. 
Deformities correlate positively with F2-Cu and Cr, and negatively with F2-Fe. The F2-
Fe correlation could be interpreted as Fe serving as a micronutrient. 
 
5.5.2 Torrecillas Lagoon Core-I07  
5.5.2.1 Sediment Samples and Potentially Toxic Elements 
As discussed in Chapter One, TL has a long history of anthropogenic influence,  
extending from agricultural times to the modern industrial era. Two cores were analyzed 
to understand the evolution of environmental factors, pollution and foraminiferal 
ecology.  
At a depth between 19–9 cm, a noticeable increase in the %mud is observed that 
might reflect an increase in erosion. In the case of %TOC and %CO3, a persistent 
decrease is observed between 39–11 cm and 37–21 cm respectively, coinciding with 
the increase in %mud. The mirror relationship between %mud and %CO3 (Table 5.6) 
indicates that the mud fraction in TL is lithic and not carbonate. 
Concentrations of PTEs in the core that exceed background shale concentration 
(Cu, Zn, Ni, Fe, As, Se) are attributed to anthropogenic sources. The overall decreasing 
trends for some PTEs (e.g., Zn, Ni, Li, Fe, and V) that are observed from core base to 
top, are attributed to their positive correlation with %mud (Figure 5.17). Since PTEs 
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adsorb to mud-sized sediment surfaces, what is being observed is a “sink” mechanism 
for these PTEs. This is supported by noticeable increases in concentrations of Zn, Li, Fe 
and V between 19–9 cm (Figure 5.17B, G, I, L). Although Cu has no strong correlation 
with %mud, a similar behavior is observed. The temporal variability of Cr, As, and Se 
might be explained by their complexation with %TOC (Figure 5.17E, F, H) or potential 
sequestration by iron oxides in the case of Se (Table 5.6). It is important to note that the 
strong negative correlation between %TOC and most PTEs supports the hypothesis 
that %mud is the dominant influence.  
Despite the multiple pollution sources in TL, PTE enrichment was very limited in 
this core. For example Ni, Cr and Li concentrations indicate “no enrichment”, while Cu, 
Zn, V, Fe, Mn and Pb show “minor enrichment” (Figure 5.18). The latter group indicates 
that sources of these PTEs have not changed substantially over time. Two PTEs have 
opposite trends. Arsenic and Se decrease in enrichment (Figure 5.18D), suggesting a 
lessened input of these PTEs as a consequence of lessened agricultural practices. 
Arsenic was used as a bleaching agent for sugar processing (Webb and Gómez-
Gómez, 1998). On the other hand, Pb had “no enrichment” until the sample from 2.5 cm 
having “minor enrichment” in the core top. This could be attributed to either laboratory 
procedure error or a short-term input of Pb. The latter is a more likely scenario because 
decreasing enrichment can be observed towards the core top.  
 
5.5.2.2 Foraminiferal Distributions 
Temporal variability in foraminifers reflects local environmental conditions at the 
sediment-water interface. Cluster analysis shows that the assemblage is controlled by 
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A. beccarii, A. agglutinans and Q. rhodiensis. Ammobaculites agglutinans has been 
reported to be a dominant taxon in environments with abundant organic matter (Seiglie, 
1968) and relative low pH levels (Dias et al., 2010). Variability of the ecological indices 
through the core is very similar to that found in surface samples. Species richness, FD, 
H(S) and E are similarly very low, indicative of stressed environments. Of all the PTEs, 
Pb is the only one indicating a negative correlation with species richness, and strong 
correlations are seen with %TOC, %CO3 and %mud.  
The Re profile (Figure 5.15K) suggests anoxic conditions between 19–43 cm and 
this is supported by framboidal pyrite found within the tests of foraminifers. However it 
does not fully explain the low species richness values although other studies have found 
low species numbers associated with high organic matter content (Foster et al., 2012).  
Foraminiferal densities are higher than in surface sediment samples, even 
though vertical variability is limited. The positive correlations between FD and porewater 
concentration of several PTEs (Table 5.10) contrasts with the general understanding 
that PTEs have a detrimental impact on foraminiferal density as shown by numerous 
studies over the last 25 years. Foraminiferal density also shows no correlation with 
%TOC, %CO3 or %mud. As noted previously, the bulk PTE concentrations show limited 
enrichment and their bioavailability depends upon chemical fractionation (see section 
5.4.4 for discussion).  
Higher H(S) and E values at depths <23 cm support the idea that conditions in 
the lagoon have improved slightly for foraminifers. There is also an observable 
decrease in PTE enrichment, coupled with negative correlations with Cu, Zn, Ni, and Li 
in the same interval. However, since no correlation exists between PTEs and %TOC, 
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%mud or %CO3, reducing and anoxic conditions are likely more important as evidenced 
by a rapid Re enrichment starting at 21 cm depth. Foraminiferal deformities have no 
strong correlations with any environmental parameter; they are present in all samples 
and 9 out of 29 samples have 10–15% deformed individuals. 
Miliolid relative abundances (MRA), as defined by Q. rhodiensis (QRA) and 
Triloculina sp. (TRA), show an increasing trend, as does A. agglutinans (AmRA), above 
15 cm depth in the core. This is consistent with negative correlations between QRA, 
AmRA and PTEs (Cu, Ni, As, Li), as well as less hypoxic conditions at depths <23 cm 
as shown by Re. In addition, A. beccarii (ARA) and Elphidium sp. (ERA), which are 
indicators of stressed conditions, show overall decreasing trends at depths <15 cm, 
supporting the idea that temporal environmental conditions improved at this site. Similar 
to FD, ARA positively correlates with several PTEs (Table 5.10), consistent with its 
known stress tolerance. 
 
5.5.3 Torrecillas Lagoon Core-I09 
5.5.3.1 Sediment Samples and Potentially Toxic Elements 
In Core TLCI09 radiometric dating shows an age range from 2009 (core top) to 
1908 at 25 cm (Figure 5.16D). Mud is the dominant grain size (Figure 5.16E), with 
limited vertical variation consistent with a sheltered environment (Figure 5.2) minimally 
impacted by erosion. Percent TOC and %CO3 have fairly similar temporal profiles, as 
they decrease between 35–19 cm and 39–9 cm, respectively (Figure 5.16F-G). This 
coincides with a noticeable change in sedimentation rates at 19 cm, indicating more 
terrestrial input of sediments. 
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Several PTEs show a decreasing trend above 25 cm (Figure 5.19). Some PTEs 
(e.g., Cu, Zn, Ni, Fe and V) increase in concentration between 33 and 19 cm depth. 
This subsurface peak may indicate sources of pollution in the late 19th and early 20th 
centuries. Above 25 cm (post-1908), there is a marked decrease in PTEs bulk 
concentrations, even though no changes are observed in their enrichment factors 
(Figure 5.20). The temporal variability of Li and its positive correlation with %TOC and 
%CO3 indicate likely sequestration with organic matter and complexation by carbonate 
minerals as potential sinks.  
 
5.5.3.2 Foraminiferal Distributions 
Cluster analysis show that the assemblage, when present, was characterized by 
Q. rhodiensis and Q. seminula (Figure 5.28). As mentioned before, these two species 
have been reported in environments with high organic matter content in tropical settings 
(Seiglie, 1968). Nearly half (42%) of the samples in this core are devoid of foraminifers 
and 18% of samples had <10 foraminifers/sample, limiting interpretations other than 
variability in either presence or preservation potential of foraminiferal tests within the 
core. This scenario was also observed in one of the cores collected in 2005 in which 
samples were barren of foraminiferal tests at depths >18 cm (see Figure 1 in Chapter 
3). One possibility is that changes in sedimentation/erosion played a role. However, in 
Core TLCI09 barren samples are found above and below 33 cm, where laminated 
sediments are overlain by non-laminated sediments (Figure 5.15). Rhenium does not 
provide a definite interpretation of post-depositional anoxic conditions due to its 
variability in the core.  
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5.5.4 Bulk vs Bioavailable Potentially Toxic Elements 
In environmental micropaleontological studies, the standard methodology has 
been to assess total PTE concentrations in bulk sediments (e.g., Alve, 1991; Armynot 
du Chatelet et al., 2004; Carnahan et al., 2009; Eichler et al., 2012; Salvi et al., 2015; 
Arslan et al., 2016b). Far fewer studies have considered the bioavailablity of PTEs in 
sediments (Martins et al., 2011, 2013).  Tessier et al. (1979) noted that PTEs could be 
found in various chemical forms (“fractions”). This fractionation can be influenced by 
sediment type, organic matter content, pH, alkalinity, Eh, temperature, salinity, and 
other environmental factors. The mobility of PTEs during sequential extraction 
procedures have been related to the degree of operational bioavailability (Tessier et al., 
1979; Bacon and Davidson, 2008; Zimmerman and Weindorf, 2010). These 
interpretations in speciation resulted in five different fractions: exchangeable (F1- 
adsorbed; most bioavailable), acid soluble (F2- CO3), reducible (F3- Fe/Mn), oxidizable 
(F4- organic matter), and residual (F5- lithics; least bioavailable). Sequential extractions 
were initially developed to study speciation of micronutrients in soils and later were used 
in experimental studies that examined influences on aquatic macroinvertebrates.  
The F1, exchangeable fraction, includes those PTEs adsorbed to clays. This 
fraction was considered most bioavailable because the PTE can be released with 
changes in pH, for example, in the guts of macrofauna. F2, the acid soluble fraction, is 
bound to carbonates and can be released during dissolution of those carbonates. This 
fraction was considered as the second most bioavailable by Tessier et al. (1979), again 
associated with acidic conditions in the digestive tracts of macrofauna. In my study, 
what is reported as F2-Cu, F2-Zn and F2-Fe was the F2-acid soluble fraction. The F3 
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fraction is the reducible fraction, bound in oxidized Fe/Mn minerals that can be released 
in reducing conditions. For example, low solubility As+5 can bound in ferric hydroxides 
and released as As+3 under reducing conditions. The F4 fraction is the oxidizable 
fraction bound in organic matter and therefore, most likely to be available to detritus-
feeding organisms such as benthic foraminifera.  
The physico-chemical conditions of TL serve as a good example of the behavior  
and speciation of PTEs among the difference chemical fractions. Figure 5.30 illustrates 
the fate and transport of PTEs between chemical fractions (e.g., F1-F4) in the lagoon 
based on pH and DO characteristics. In the deeper areas of the lagoon (>3.5 m) 
oxidizing and anoxic conditions prevail (Figure 5.11 and 5.12). Acidic conditions allow 
for PTEs to desorb and dissolve from clays (F1) and carbonates (F2) respectively, 
allowing the pollutants to exist in solution (free ions). PTEs in the reducible fraction (F3) 
will be released by dissolution of oxide minerals due to hypoxic and anoxic conditions. 
The fates of these PTEs in solution are controlled by low oxygen conditions that will 
promote their sequestration by sulfide precipitation (e.g., pyrite- FeS2) or by becoming 
complexed with organic matter and other ligands (e.g., Cl-, SO4-2). PTEs in organic 
matter (F4) are released under highly oxygenated conditions and they can bound by 
sulfide precipitation, complexation or adsorption by clays. Conditions in the lagoon 
promoting oxidation of organic matter can be related to strong mixing events (e.g., 
tropical storms) and by shallow and well-oxygenated areas. Under oxygenated and high 
pH conditions (Figure 5.31), PTE remobilization is limited to adsorption (F1), CaCO3 
precipitation (F2) and by oxide mineral formation (F3). Based on these observations, 
PTEs in solution (e.g., free-ions) and bound to organic matter should be more readily     
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Figure 5.30: Fate and trasport of PTEs under low oxygen and pH conditions. DST= desorption; DSL= dissolution.
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bioavailable to foraminifers during calcification and feeding (e.g., detritivores) 
respectively. 
For example A. beccarii, Triloculina sp. and FD have no correlation with bulk Cu, 
Zn and Fe, but are negatively correlated with F2-Cu and F2-Zn (Table 5.9). However, 
F2-Cu and F2-Zn should not influence the PTEs in the F2 fraction since they have 
limited bioavailability to the foraminifers. F2-Cu translates to Cu ions locked in the 
crystalline structure of carbonate minerals. Carbonate grains and minerals serve as 
substrate or as material for agglutinated forms. The only scenario in which PTEs found 
in the F2 fraction would become bioavailable when dissolution of the carbonate minerals 
occurs and the PTEs are remobilized (e.g., in low pH conditions). 
In contrast, A. agglutinans, Q. rhodiensis, QRA and ARA have strong negative 
correlations with bulk Cu (and other PTEs), but not with F2-Cu (Table 5.10). Numerous 
authors have found similar correlations between bulk Cu and key foraminiferal taxa 
(Alve, 1991; Debenay and Fernandez, 2009; Martins et al. 2011). These correlations 
indicate that the cumulative nature of bulk concentrations may explain some stress 
responses, but not all, and that inconsistencies in interpretations can occur if chemical 
speciation is not considered (see Chapter 2).  My study suggests that of the five 
potential chemical fractions, F2 should have limited impact on foraminifers, as they do 
not have digestive systems, and environments that are sufficiently acidic to dissolve 
CaCO3 are not amenable to calcareous foraminifers. 
Martins et al. (2011, 2013) conducted PTE speciation following BCR protocols. 
BCR incorporates several chemical species into one. For example BCR’s F1 fraction 
includes the exchangeable and acid soluble fractions of Tessier et al. (1979) and the F2  
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Figure 5.31: Fate and trasport of PTEs under high oxygen and pH conditions. 
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is the reducible fraction. They found significant correlations between F1 and F2 with 
assemblages and deformities. This interpretation is also inconclusive because it is 
impossible to determine which PTEs, whether in the exchangeable or acid soluble, are 
affecting the foraminifers.  
Similarly, PTEs found in the reducible fraction are not directly bioavailable 
because these contaminants will be found within the crystalline structure of 
FexOx/MnxOx minerals. For example, in core TLCI07, positive correlations between ARA 
and Cu, F2-Cu, Zn and F2-Zn were found. As previously explained, it is rather unlikely 
that PTEs in the bulk and F2 fractions are responsible. There is no statistical 
significance between Cu and %TOC and %mud to suggest that this PTE was found in 
the organic/oxidizable (F4) or exchangeable (F1) fractions. However, the fact that Cu 
strongly correlated positively with Fe suggests that this PTE could be in the reducible 
(F3) fraction, which is not generally bioavailable to the foraminifers. In retrospect, the F2 
fraction was not a satisfactory assessment choice for this study 
 When examining the influence of PTEs on foraminiferal assemblages, 
fractionation of each PTE of interest, including the chemical conditions under which they 
might become bioavailable, should be considered. Sequential extractions are required 
to elucidate which potential bioavailable fraction will have an impact. Of the five 
fractions, F1 is considered the most bioavailable and F5 the least bioavailable (e.g., 
Tessier et al., 1979). The question is: What is considered bioavailable to the 
foraminifers? Benthic foraminifers are detritivores, PTEs found in the F4 fraction should 
be considered highly bioavailable since this a likely pathway of PTE bioaccumulation 
(see Chapter Two). Fraction F1 should also be considered, since PTEs could be readily 
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desorbed into free ions by minor changes in pH and Eh and salinity. This scenario could 
happen at the sediment water interface or during calcification in which foraminifers 
reduce their internal pH during vacuolization (see Chapter Two).  
Moreover, the environmental conditions in the field area must also be 
considered. For example, in TL, the presence of well oxygenated, hypoxic and anoxic 
conditions, as well as normal marine pH (>8) to low pH (7.2) gradients, within a few 
meters of each other in very shallow water, represents a potentially very dynamic 
chemical environment, with some changes in chemical environment occurring on day-
night cycles, tidal cycles, and especially with storm activity that induces mixing of 
otherwise highly stratified, very localized waters. Thus, the bioavailability of individual 
elements can change spatially on scales ranging from centimeters to kilometers, and 
temporally on scales ranging from hours to season or possibly years (e.g., major storm 
events). Recognition of the dynamic nature of the environment and the potential for 
sequestered PTEs to be mobilized, especially by storm events, can provide critical 
information to coastal management agencies in assessing the risks of existing PTEs 
and future pollution sources, especially during coastal engineering activities (e.g., 
dredge and fill activities), as well as with storm events.  
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CHAPTER SIX 
Summary and Conclusions 
 
6.1 General Summary 
 Benthic foraminifers have been used widely as bioindicators of pollution in 
natural and laboratory settings. Published research has shown the impacts of bulk PTE 
concentrations in the ecology and distribution of foraminifers. Torrecillas Lagoon, part of 
the San Juan Bay Estuary System in Puerto Rico, has been impacted by numerous 
anthropogenic practices (e.g., dredging, sewage discharge, etc.) since the 1500s. 
Limited pollution studies found relatively high PTE concentrations in bulk sediments but 
no previous attempt has been made to address bioavailability. In addition, benthic 
foraminifers are assessed as indicators of pollution in Torrecillas Lagoon. 
 
6.2 Research Review 
Chapter One describes the geologic and geomorphologic setting of Torrecillas 
Lagoon, as well as anthropogenic influences that have impacted the area. Evidence of 
anthropogenic impact and landscape changes begin with pre-Colombian settlements, 
Spanish military compounds, coal mining, landfills, agriculture (sugar cane). More 
recently, the lagoon has been impacted by urban development, deforestation, illegal 
dump sites, dredging, raw sewage, sewage treatment plant outflows, and storm-water 
runoff. These anthropogenic practices account for the impairment of water, sediment 
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and aquatic fauna by PTEs, agricultural chemicals, dissolved nutrients, organic 
pollution, and areas of low dissolved oxygen and low pH.  
Chapter Two (Martinez-Colon et al., 2009) examined the physico-chemical 
parameters that control PTE mobility with special attention to their bioavailability and 
influence on foraminifers. This review discussed how foraminifers can be used in 
pollution studies as long as understanding of the mobility (complexation, adsorption, 
desorption, etc.) and fractionation of PTEs are taken into account. Traditionally, bulk 
PTE concentrations are used as indicators with limited consideration of chemical 
speciation or bioavailability. The concept of bioavailability brings forward a new array of 
key components that are essential in understanding the impacts of PTEs because it 
refers to whether a chemical is accessible to an organism for absorption. The degree of 
bioavailability can be assessed by determining PTE fractionation in various forms in 
sediments. Sequential extraction techniques must be applied to answer the desired 
questions since different protocols consider different chemical fractions. Traditionally 
five fractions have been widely used: exchangeable (F1- adsorbed to clays), acid-
soluble (F2- carbonate), reducible (F3- Fe/Mn oxides), oxidizable (F4-organic matter) 
and residual (F5- lithics); and the degree of bioavailability has been interpreted to range 
from most (e.g., F1) to least (e.g., F5) bioavailable. The concentrations of PTEs in each 
fraction will vary and be dependent upon the temperature, salinity, pH and Eh conditions 
of the environment, and mineralogy and concentrations of organic matter in the 
sediment. This understanding will aid recognition of the importance of chemical 
speciation in field studies and better assessment of which bioavailable fractions are 
most likely to influence foraminifers. Fractions F1 and F4 are considered the most likely 
141 
 
to influence the ecology of foraminifers under most circumstances. During vacuolization 
for calcification, foraminifers lower their external pH to allow CaCO3 precipitation, which 
in turn can promote desorption of PTEs found in F1. In the case of F4, many 
foraminifers are detritus feeders and subsequent ingestion of organic carbon, with 
complexed PTEs, should be a major pathway for bioaccumulation.  
Chapter Three reports the impacts of high concentrations of Cu(II) on the 
foraminifer Ammonia aomoriensi. Culture experiments utilized constant temperature 
(25ºC), salinity (35), pH (7.8) and alkalinity (2340 µmol/kg). The A. aomoriensi were 
experimentally exposed to three different Cu+2 concentrations: 0 µmol/L (Treatment #1), 
0.22 µmol/L (Treartment #2) and 0.32 µmol/L (Treatment #3). After a 24 day 
experimental period, growth was impaired and morphological deformities were 
observed. Growth rates have this gradient: Treatment #1 (5.3 µm/day) > Treatment #3 
(2.3 µm/day) > Treatment #2 (0.83 µm/day). Morphological deformities accounted for 
45% and 39% of treated individuals in Treatments #3 and #2 respectively. It is expected 
that Cu+2 substitutes for Ca+2 during calcification. Ammonia as a genus has a low 
trochospiral growth habit in which each new chamber increases in volume both on the 
axial and dorsal directions. The only recurrent type of deformity observed has the major 
axis of newly added chambers extending ventrally instead of axially, an anomaly 
defined by Le Cadre and Debenay (2006) as “wrong direction in coiling”.  
To effectively design culture experiments, the water chemistry (temperature, pH, 
alkalinity and salinity) of the experimental medium must be known, including the 
maximum concentrations that can be used in culture experiments. In addition, the 
choice of materials used in the culture device will have an impact on the final PTE 
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concentration. A 5% adsorption was found when a new culture device was designed 
using Teflon®. When designing culture work related to PTEs the following 
recommendation should be considered: (1) precisely measure pH, total alkalinity and 
salinity; (2) calculate/determine CO3-2 speciation; (3) carefully calculate PTE speciation 
to determine saturation state; (4) use “metal-phobic” materials like Teflon® and FEP 
plastic ; (5) conduct adsorption experiments on culture devices; and (5) consider PTE 
sequestering during feeding. 
Chapter Four (published as Martinez-Colon and Hallock, 2010), reported the bulk 
concentrations of PTEs in sediments from cores from Torrecillas Lagoon, Puerto Rico, 
and compared that data with foraminiferal ecological data. Foraminiferal assemblages 
are dominated by Ammonia beccarii and Quinqueloculina rhodiensis, which are 
indicative of stressed environments. Ecological index values [Shannon Index- H(S); 
Equitability Index- E; Foraminiferal Density- FD] and presence of deformed foraminifers 
(2–18%) also indicated environmental stress. Results revealed the potential impacts of 
PTEs (concentration gradient: Mn > Cu > Hg) on the temporal distribution of 
foraminiferal assemblages. Environmental conditions are interpreted to have improved 
slightly above18 cm in the core samples, as indicated by a decline in PTE 
concentrations and an increase in key foraminiferal taxa. However, the concentrations 
of the studied PTEs are not conclusive evidence of bioavailability because the 
assumption at the time of analysis was that bulk concentrations are a reliable approach 
to foraminiferal studies. The fact that Torrecillas Lagoon, a relative restricted 
environment impacted by dredging operations (depth range 0.6–16 m), has relatively 
high organic matter content strongly suggests that the lagoon could experience 
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variations in oxygenation (hypoxia/anoxia) leading to reducing and corrosive 
environments. This appeared to have a greater effect on foraminifers based on barren 
samples in one core below 18 cm, numerous dissolution scars found on the 
foraminifers, and foraminifers being coated probably by Mn-oxides.  
Chapter Five assessed natural and anthropogenic influences on foraminiferal 
assemblages in Torrecillas Lagoon. Bulk concentrations of PTEs from sediment 
samples (core and surface), as well as the carbonate-soluble (F2) fraction of Cu, Zn, 
and Fe (assumed to be bioavailable), foraminiferal density, distribution, diversity indices, 
relative abundances, and water-quality data, were assessed and compared. 
Foraminiferal assemblages are dominated by Ammonia beccarii, Ammobaculites 
agglutinans, Quinqueloculina rhodiensis, and Quinqueloculina seminulum, and coupled 
with low ecological index values [Shannon Index- H(S); Equitability Index- E; 
Foraminiferal Density- FD] and deformed foraminifers (2–15%), are indicative of 
stressed conditions. The spatial variability of PTEs in bulk concentrations (concentration 
gradient: Zn > V > Cu > Cr > Li > Ni > As > Pb > Fe > Mn > Se) revealed the influence 
of numerous point and non-point sources of pollution. Temporal changes in bulk 
concentrations of PTEs are consistent with data reported in Martinez-Colon and Hallock 
(2010), indicating decline in PTEs in sediments up to present. Bulk PTE concentrations 
shared strong negative correlations with key foraminiferal taxa and ecological indices, 
but no correlation with “bioavailable” PTEs (concentration gradient: BioCu > BioZn > 
BioFe) found in the F2 fraction. As determined in Chapter Two, bulk concentrations 
involve five different chemical fractions (F1-F5). Thus interpretations based on bulk 
concentrations are not recommended since there is no direct way of determining which 
144 
 
bioavailable fraction is having an impact on foraminifers. Because few correlations were 
observed with the F2 fraction PTEs found in the F1 (adsorbed) and F4 (oxidizable) 
fractions are likely of greater importance. When PTEs correlated positively with %mud, 
Fe, Mn, and organic matter (%TOC), those particular PTEs are likely found in the F1, F3 
and F4 fractions, respectively. 
Several areas in the lagoon show strong stratification with hypoxic/anoxic (DO <3 
mg/L) and corrosive (pH< 7.4) conditions below 4 m depth. These are considered to be 
major stressors, impacting both PTE speciation and foraminiferal assemblage 
distribution in surface samples.  
The discrepancies observed between bulk and bioavailable PTE concentrations 
with foraminifers strongly support the idea of implementing sequential extraction 
protocols instead of the total digestion to better elucidate the actual impact of PTEs on 
foraminifers. Caution is recommended when not considering the potential bioavailability 
of PTEs in pollution studies. 
Moreover, the environmental conditions in the field area must also be 
considered. In TL, the presence of well oxygenated, hypoxic and anoxic conditions, as 
well as normal marine pH (>8) to low pH (7.2) gradients, within a few meters of each 
other in very shallow water, represents a potentially dynamic chemical environment, 
with some changes occurring on day-night cycles, tidal cycles, and especially with storm 
activity that induces mixing of otherwise highly stratified, very localized waters. Thus, 
the bioavailability of individual elements can change spatially on scales ranging from 
centimeters to kilometers, and temporally on scales ranging from hours to season or 
possibly years (e.g., major storm events). Recognition of the dynamic nature of the 
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environment and the potential for sequestered PTEs to be mobilized can provide 
essential insight for coastal management agencies that must assess the risks of existing 
PTEs and future pollution sources, especially during coastal engineering activities (e.g., 
dredge and fill activities) and major storm events. 
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Appendix A 
Strategies for Using Shallow-Water Foraminifers as Bioindicators of Potentially 
Toxic Elements: A Review 
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Appendix C 
Supporting Information for Chapter Three 
Diagram of culture device. A: Lid top view. B: Lid bottom view. Measurements are in 
inches. 
 
A. 
B. 
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Appendix D 
Supporting Information for Chapter Three 
Diagram of culture device. A: Base top view. B: Base bottom view. Measurements are in 
inches. 
 
A. 
B. 
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Appendix E 
Supporting Information for Chapter Three 
Growth measurements of each foraminiferal specimen in each treatment. 
 
Treatment #1 (0.00 µmol/L) Treatment #2 (0.22 µmol/L) Treatment #3 (0.32 µmol/L) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
0 263 0 266 0 345 
0 225 0 334 0 330 
0 222 0 253 0 292 
0 244 0 283 0 282 
0 208 0 313 0 288 
0 192 0 245 0 260 
0 189 0 231 0 259 
0 188 0 265 0 249 
0 143 0 261 0 193 
0 204 0 307 0 459 
5 264 0 297 0 330 
5 236 0 258 0 244 
5 260 0 329 0 277 
5 212 0 264 0 294 
5 202 0 276 0 252 
5 189 0 282 0 321 
5 234 0 282 0 284 
5 184 0 238 0 364 
5 216 0 232 0 275 
10 264 0 270 0 238 
10 246 3 272 3 345 
10 235 3 340 3 328 
10 289 3 282 3 294 
10 235 3 297 3 288 
10 303 3 313 3 287 
10 195 3 272 3 263 
10 237 3 284 3 266 
10 191 3 273 3 208 
10 228 3 333 3 331 
13 271 3 306 3 241 
13 259 3 254 3 290 
13 235 3 296 3 255 
13 312 3 270 3 320 
13 239 3 280 3 273 
13 290 3 294 3 363 
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Continued. 
 
Treatment #1 (0.00 µmol/L) Treatment #2 (0.22 µmol/L) Treatment #3 (0.32 µmol/L) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
13 235 3 284 3 276 
13 236 3 244 3 256 
13 191 3 249 6 346 
13 228 3 271 6 333 
17 338 9 276 6 294 
17 242 9 340 6 287 
17 319 9 294 6 287 
17 272 9 297 6 260 
17 248 9 240 6 265 
17 191 9 322 6 253 
17 240 9 272 6 209 
24 395 9 297 6 472 
24 248 9 333 6 328 
24 393 9 246 6 241 
24 305 9 297 6 284 
24 335 9 270 6 283 
NO DATA 
9 251 6 257 
9 294 6 328 
9 284 6 276 
9 248 6 280 
9 271 6 249 
14 301 9 346 
14 340 9 335 
14 298 9 297 
14 350 9 287 
14 322 9 287 
14 278 9 205 
14 301 9 254 
14 262 9 251 
14 250 9 472 
14 335 9 288 
14 273 9 312 
14 302 9 256 
14 329 9 302 
14 301 9 360 
14 240 9 261 
14 249 9 249 
14 265 12 345 
17 315 12 344 
17 324 12 313 
17 321 12 287 
17 328 12 236 
17 301 12 276 
17 294 12 274 
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Continued. 
 
Treatment #1 (0.00 µmol/L) Treatment #2 (0.22 µmol/L) Treatment #3 (0.32 µmol/L) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
NO DATA 
17 261 12 268 
17 242 12 328 
17 369 12 239 
17 273 12 324 
17 392 12 325 
17 329 12 301 
17 301 12 380 
17 240 12 264 
17 243 12 261 
17 270 17 342 
23 320 17 339 
23 324 17 287 
23 331 17 236 
23 346 17 263 
23 301 17 262 
23 297 17 488 
23 262 17 326 
23 311 17 279 
23 247 17 313 
23 273 17 327 
23 302 17 296 
23 327 17 369 
23 285 17 264 
23 243 17 260 
23 246 20 349 
23 277 20 316 
  20 287 
NO DATA 
20 240 
20 274 
20 262 
20 488 
20 331 
20 247 
20 283 
20 304 
20 285 
20 366 
20 304 
20 383 
20 261 
23 354 
23 344 
23 328 
23 326 
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Continued. 
 
Treatment #1 (0.00 µmol/L) Treatment #2 (0.22 µmol/L) Treatment #3 (0.32 µmol/L) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
Duration 
(Days) 
Max Diameter 
(µm) 
NO DATA 
  23 483 
  23 317 
  23 280 
  23 368 
  23 384 
  23 260 
  
NO DATA 
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Appendix F 
Preliminary Survey on Foraminiferal Responses to Pollutants in Torrecillas 
Lagoon Puerto Rico 
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Appendix G 
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Appendix H 
Supporting Information for Chapter Five 
Grain-size data for surface sediment samples. Sizes reported as weight percent (%). VC= very coarse; C= coarse; M= 
medium; F= fine; VF= very fine. 
 
  Size (ɸ) 
  -1 0 1 2 3 4 >4 
  Size (name) 
Sample Median (ɸ) Gravel VC Sand C Sand M Sand F Sand VF Sand Mud 
TL07#1 >4 0.25 0.10 0.12 0.42 0.60 1.02 96.91 
TL07#2 >4 0.00 0.00 0.00 0.00 0.30 0.45 98.81 
TL07#3 1 12.04 14.15 27.89 13.74 4.11 1.00 26.95 
TL07#4 >4 0.23 0.02 0.27 0.53 4.09 12.77 82.08 
TL07#5 4 0.00 0.00 0.00 0.15 0.08 0.58 99.00 
TL07#6 >4 0.00 0.04 0.22 0.20 0.84 6.32 92.12 
TL07#7 -1 62.29 3.71 2.57 1.87 3.69 1.85 24.52 
TL07#8 >4 2.41 0.74 0.76 1.31 6.58 14.51 73.50 
TL07#9 -1 62.69 3.57 2.10 2.41 6.93 5.63 16.46 
TL07#10 3 29.91 4.61 4.97 4.71 8.63 10.53 36.33 
TL07#11 -1 50.09 1.03 0.91 0.83 3.25 9.60 34.29 
TL07#12 2 3.87 5.12 26.09 34.68 23.16 2.23 4.50 
TL07#13 2 3.10 6.65 39.58 26.51 17.76 3.52 2.82 
TL07#14 >4 0.00 0.00 0.00 0.16 0.20 3.64 95.71 
TL07#15 2 1.03 6.45 37.27 24.87 18.89 10.91 0.47 
TL07#16 >4 0.00 0.80 0.32 1.87 8.66 12.68 73.63 
TL09#1 >4 0.00 0.00 0.34 1.64 8.84 12.93 76.75 
TL09#2 -1 48.93 5.67 5.62 6.77 10.44 6.45 16.01 
TL09#3 >4 0.00 0.10 0.32 1.50 13.59 14.37 69.51 
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Continued. 
  Size (ɸ) 
  -1 0 1 2 3 4 >4 
  Size (name) 
Sample Median (ɸ) Gravel VC Sand C Sand M Sand F Sand VF Sand Mud 
TL09#4 >4 0.00 0.00 0.00 0.71 7.02 7.77 84.30 
TL09#5 >4 0.00 0.00 1.71 6.88 12.65 7.97 70.90 
TL09#6 2 4.39 16.14 16.62 26.93 12.37 13.96 8.23 
TL09#7 >4 0.00 0.11 0.16 0.55 3.00 7.44 88.59 
TL09#8 >4 0.00 0.00 0.00 0.00 0.00 0.06 99.48 
TL09#9 >4 0.42 0.23 0.81 2.85 15.87 16.75 63.20 
TL09#10 >4 0.00 0.00 0.00 0.00 0.00 3.61 97.07 
TL09#11 >4 0.00 0.10 0.41 0.72 3.78 6.05 89.02 
TL09#12 3 4.36 1.77 2.92 5.52 24.84 30.28 30.53 
TL09#13 -1 48.98 3.96 1.70 1.34 5.87 4.75 33.43 
TL09#14 -1 52.07 6.31 4.84 3.70 7.65 5.22 20.24 
TL09#15 0 37.15 28.05 17.48 6.62 3.42 1.08 6.35 
TL09#16 2 21.00 9.88 6.65 6.44 13.75 11.16 31.10 
TL09#17 2 32.77 5.85 4.14 3.94 8.11 6.74 38.66 
TL09#18 >4 0.00 0.00 0.25 1.33 11.22 8.34 79.01 
TL09#19 >4 0.00 0.08 0.48 0.92 5.12 10.44 82.81 
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Appendix I 
Supporting Information for Chapter Five 
Surface sample PTE analysis. Concentrations are in mg/kg except for percent (%) (*). 
EF-ME: enrichment factor of metal (has no units). F2-PTE: acid-soluble PTE. 
 
PTE Cu EF-Cu F2-Cu Zn EF-Zn F2-Zn Ni EF-Ni 
DL 0.20 -  0.20 0.20 -  0.20 0.50 -  
TL07#1 81.90 1.67 16.95 181.00 1.75 46.15 25.00 0.34 
TL07#2 118.00 2.49 6.45 130.00 1.20 25.94 30.30 0.41 
TL07#3 17.40 2.13 10.17 25.00 1.45 13.33 19.60 1.59 
TL07#4 32.80 1.92 7.79 54.30 1.50 14.95 14.80 0.57 
TL07#5 57.10 1.59 12.50 97.80 1.29 23.59 22.90 0.42 
TL07#6 54.80 1.61 10.00 119.00 1.66 22.03 20.60 0.40 
TL07#7 26.00 1.42 9.40 49.60 1.28 18.96 18.10 0.65 
TL07#8 34.80 1.37 8.20 67.80 1.26 17.12 16.50 0.43 
TL07#9 18.60 1.09 7.37 35.40 0.99 15.54 15.10 0.59 
TL07#10 21.10 1.09 7.28 38.20 0.94 13.68 15.20 0.52 
TL07#11 36.10 1.73 5.87 54.80 1.25 13.02 16.10 0.51 
TL07#12 3.20 0.30 8.55 8.70 0.38 15.49 7.40 0.45 
TL07#13 0.90 0.11 6.82 4.80 0.29 16.17 10.70 0.90 
TL07#14 41.90 1.53 7.62 69.50 1.20 15.16 20.80 0.50 
TL07#15 6.20 0.58 7.84 19.00 0.84 14.72 13.10 0.81 
TL07#16 34.80 1.41 7.43 60.50 1.16 15.17 16.00 0.43 
TL09#1 39.60 1.11 19.34 68.30 0.91 36.24 14.80 0.28 
TL09#2 29.70 0.84 67.73 45.40 0.60 46.50 12.20 0.23 
TL09#3 81.80 2.30 14.42 121.00 1.61 64.97 24.40 0.45 
TL09#4 78.30 2.20 25.14 181.00 2.41 32.30 21.80 0.41 
TL09#5 78.40 2.21 32.57 158.00 2.11 35.31 24.40 0.45 
TL09#6 6.20 0.17 11.65 12.50 0.17 23.90 6.90 0.13 
TL09#7 42.70 1.20 20.52 79.60 1.06 44.47 15.60 0.29 
TL09#8 24.80 0.70 14.07 44.80 0.60 31.25 11.30 0.21 
TL09#9 29.00 0.82 14.73 53.00 0.71 31.30 11.60 0.22 
TL09#10 20.30 0.57 15.50 40.60 0.54 33.55 10.60 0.20 
TL09#11 33.60 0.95 14.35 62.30 0.83 32.98 12.30 0.23 
TL09#12 31.50 0.89 16.44 55.80 0.74 34.43 13.20 0.25 
TL09#13 39.10 1.10 20.28 67.20 0.90 43.16 15.40 0.29 
TL09#14 43.10 1.21 19.29 82.00 1.09 44.92 14.60 0.27 
TL09#15 38.90 1.09 19.98 67.20 0.90 59.54 15.30 0.28 
TL09#16 55.50 1.56 15.30 87.70 1.17 64.82 17.90 0.33 
TL09#17 44.00 1.24 17.89 81.00 1.08 41.03 16.50 0.31 
TL09#18 97.10 2.73 19.00 238.00 3.17 44.84 24.80 0.46 
TL09#19 72.70 2.05 18.74 150.00 2.00 72.63 21.00 0.39 
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Continued. 
 
PTE Pb EF-Pb Cr EF-Cr As EF-As Li EF-Li 
DL 0.50 -  0.50  - 0.10 -  0.50 -  
TL07#1 25.40 1.17 36.70 0.37 6.10 0.43 39.80 0.55 
TL07#2 14.60 0.62 41.60 0.44 6.10 0.32 35.60 0.46 
TL07#3 6.90 1.90 10.30 0.63 12.70 5.39 9.40 0.79 
TL07#4 9.30 1.22 36.30 1.06 22.10 4.47 20.90 0.83 
TL07#5 14.70 0.92 48.50 0.68 15.90 1.54 44.90 0.85 
TL07#6 15.60 1.03 33.50 0.49 18.10 1.84 35.90 0.72 
TL07#7 6.90 0.85 24.00 0.65 24.50 4.62 20.90 0.78 
TL07#8 10.70 0.94 32.10 0.63 20.10 2.73 24.10 0.64 
TL07#9 5.40 0.72 27.20 0.80 12.10 2.47 16.20 0.65 
TL07#10 6.60 0.77 27.40 0.71 12.80 2.29 15.30 0.54 
TL07#11 8.90 0.96 34.70 0.83 22.10 3.68 18.30 0.60 
TL07#12 3.40 0.71 10.40 0.48 4.40 1.41 6.20 0.39 
TL07#13 2.00 0.57 6.60 0.42 8.10 3.56 4.20 0.36 
TL07#14 10.90 0.90 40.80 0.75 14.10 1.79 27.90 0.70 
TL07#15 4.00 0.84 11.60 0.54 7.00 2.27 6.60 0.42 
TL07#16 9.40 0.85 32.00 0.65 22.60 3.16 19.70 0.54 
TL09#1 11.30 0.72 43.70 0.96 12.80 1.25 24.40 0.73 
TL09#2 5.80 0.37 33.60 1.29 19.60 1.91 13.90 0.73 
TL09#3 19.30 1.22 42.20 0.48 7.10 0.69 39.70 0.61 
TL09#4 30.60 1.94 40.30 0.51 6.10 0.59 35.70 0.62 
TL09#5 25.10 1.59 65.50 0.73 8.80 0.86 39.70 0.60 
TL09#6 4.20 0.27 21.40 1.12 6.00 0.58 5.30 0.38 
TL09#7 12.40 0.78 31.00 0.62 14.30 1.39 29.30 0.80 
TL09#8 7.70 0.49 21.00 0.62 17.20 1.67 15.50 0.62 
TL09#9 8.90 0.56 29.80 0.74 14.50 1.41 21.00 0.71 
TL09#10 9.20 0.58 35.00 1.20 20.10 1.96 12.10 0.57 
TL09#11 11.10 0.70 39.70 0.94 24.10 2.35 18.90 0.61 
TL09#12 10.20 0.65 35.90 0.89 17.10 1.67 21.50 0.73 
TL09#13 11.80 0.75 31.30 0.62 17.80 1.73 26.70 0.72 
TL09#14 12.90 0.82 39.60 0.75 22.10 2.15 27.50 0.71 
TL09#15 9.10 0.58 23.70 0.47 15.10 1.47 27.10 0.73 
TL09#16 8.30 0.53 24.10 0.43 10.90 1.06 41.50 1.01 
TL09#17 12.00 0.76 21.70 0.37 18.70 1.82 33.80 0.79 
TL09#18 37.10 2.35 40.20 0.56 21.20 2.06 44.30 0.84 
TL09#19 25.70 1.63 40.60 0.55 12.50 1.22 37.80 0.70 
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PTE Se EF-Se Fe* EF-Fe F2-Fe* Mn EF-Mn Re 
DL 0.10   0.01   0.01 1.00   0.001 
TL07#1 1.10 1.69 5.21 0.10 0.96 1270.00 1.37 0.006 
TL07#2 0.50 1.15 6.28 0.12 0.40 516.00 0.49 0.001 
TL07#3 1.70 15.63 1.61 0.19 0.31 137.00 0.89 0.014 
TL07#4 1.30 5.70 3.73 0.21 0.45 937.00 2.90 0.017 
TL07#5 1.30 2.72 4.25 0.11 0.95 3020.00 4.46 0.006 
TL07#6 1.20 2.65 4.92 0.14 0.59 1460.00 2.28 0.011 
TL07#7 1.20 4.91 3.48 0.18 0.65 767.00 2.21 0.022 
TL07#8 1.30 3.83 4.14 0.15 0.59 947.00 1.97 0.013 
TL07#9 0.70 3.09 2.61 0.15 0.51 592.00 1.84 0.013 
TL07#10 0.90 3.49 2.32 0.11 0.42 598.00 1.64 0.005 
TL07#11 1.00 3.60 3.64 0.17 0.37 830.00 2.11 0.018 
TL07#12 0.50 3.47 0.76 0.07 0.62 299.00 1.47 0.001 
TL07#13 0.80 7.62 0.63 0.08 0.48 248.00 1.67 0.001 
TL07#14 1.20 3.29 3.16 0.11 0.47 1080.00 2.09 0.014 
TL07#15 0.40 2.81 0.94 0.08 0.48 435.00 2.15 0.002 
TL07#16 1.20 3.64 4.13 0.16 0.70 920.00 1.97 0.020 
TL09#1 0.80 1.69 2.73 1.15 0.13 867.00 2.02 0.008 
TL09#2 1.00 2.11 2.76 2.02 0.20 735.00 2.98 0.010 
TL09#3 1.00 2.11 5.07 1.09 0.15 666.00 0.80 0.006 
TL09#4 1.30 2.74 4.29 1.04 0.18 656.00 0.88 0.003 
TL09#5 0.70 1.48 4.78 1.01 0.20 1470.00 1.73 0.006 
TL09#6 0.30 0.63 0.62 0.62 0.09 352.00 1.95 0.001 
TL09#7 0.60 1.27 3.46 1.32 0.17 1870.00 3.97 0.011 
TL09#8 0.90 1.90 2.68 1.50 0.12 739.00 2.30 0.007 
TL09#9 0.70 1.48 2.75 1.29 0.02 645.00 1.69 0.012 
TL09#10 1.00 2.11 1.89 1.24 0.11 727.00 2.64 0.004 
TL09#11 0.90 1.90 3.93 1.78 0.15 830.00 2.09 0.016 
TL09#12 0.60 1.27 3.48 1.64 0.12 741.00 1.94 0.017 
TL09#13 1.10 2.32 4.06 1.54 0.14 964.00 2.03 0.020 
TL09#14 1.70 3.59 4.11 1.48 0.15 1100.00 2.20 0.019 
TL09#15 1.50 3.16 3.88 1.45 0.16 612.00 1.27 0.020 
TL09#16 1.00 2.11 4.77 1.63 0.22 540.00 1.02 0.014 
TL09#17 1.20 2.53 4.47 1.47 0.15 869.00 1.59 0.025 
TL09#18 1.00 2.11 4.36 1.15 0.16 858.00 1.26 0.010 
TL09#19 1.10 2.32 4.72 1.22 0.13 1450.00 2.09 0.011 
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PTE EF-Re V EF-V Cd Ba Co Zr Cs 
DL   1.00   0.01 1.00 0.10 1.00 0.05 
TL07#1 0.55 151.00 1.07 0.40 194.00 16.40 58.00 1.50 
TL07#2 0.09 192.00 1.39 0.30 150.00 18.70 29.00 1.00 
TL07#3 7.72 37.00 1.57 0.10 38.00 3.00 2.00 0.40 
TL07#4 4.47 48.00 0.97 0.10 177.00 7.00 27.00 0.50 
TL07#5 0.75 97.00 0.94 0.10 160.00 11.70 35.00 1.00 
TL07#6 1.46 90.00 0.92 0.20 134.00 13.00 12.00 0.80 
TL07#7 5.40 58.00 1.09 0.10 134.00 9.40 8.00 0.50 
TL07#8 2.30 66.00 0.90 0.20 160.00 8.00 7.00 0.60 
TL07#9 3.44 50.00 1.02 0.10 229.00 5.60 5.00 0.40 
TL07#10 1.16 41.00 0.73 0.10 251.00 5.70 6.00 0.40 
TL07#11 3.89 58.00 0.96 0.20 191.00 7.80 9.00 0.50 
TL07#12 0.42 21.00 0.67 0.10 631.00 1.70 2.00 0.20 
TL07#13 0.29 10.00 0.44 0.10 394.00 1.70 20.00 0.20 
TL07#14 2.30 75.00 0.95 0.10 166.00 8.70 29.00 0.70 
TL07#15 0.84 22.00 0.71 0.10 317.00 2.40 2.00 0.20 
TL07#16 3.64 62.00 0.87 0.20 148.00 8.70 7.00 0.50 
TL09#1 1.01 64.00 0.98 0.05 138.00 7.50 22.00 1.18 
TL09#2 1.27 49.00 1.30 0.05 126.00 8.70 13.00 0.98 
TL09#3 0.76 135.00 1.06 0.20 188.00 15.70 40.00 1.70 
TL09#4 0.38 119.00 1.05 0.30 163.00 14.10 55.00 1.67 
TL09#5 0.76 128.00 0.99 0.30 163.00 15.20 53.00 1.64 
TL09#6 0.13 20.00 0.72 0.05 347.00 2.00 5.00 0.81 
TL09#7 1.39 68.00 0.94 0.10 140.00 8.80 23.00 1.24 
TL09#8 0.89 42.00 0.86 0.10 180.00 6.10 15.00 1.03 
TL09#9 1.52 55.00 0.94 0.20 115.00 6.40 18.00 1.10 
TL09#10 0.51 40.00 0.95 0.05 184.00 5.10 12.00 0.89 
TL09#11 2.03 58.00 0.95 0.20 119.00 8.00 20.00 1.07 
TL09#12 2.15 53.00 0.91 0.10 169.00 7.10 18.00 1.16 
TL09#13 2.53 72.00 0.99 0.20 248.00 9.40 23.00 1.28 
TL09#14 2.41 77.00 1.01 0.10 103.00 9.60 24.00 1.22 
TL09#15 2.53 80.00 1.09 0.05 131.00 10.20 21.00 1.34 
TL09#16 1.77 91.00 1.13 0.10 141.00 12.20 27.00 1.44 
TL09#17 3.16 80.00 0.95 0.10 153.00 10.10 26.00 1.31 
TL09#18 1.27 119.00 1.14 0.40 172.00 16.00 41.00 1.64 
TL09#19 1.39 91.00 0.86 0.30 174.00 15.00 32.00 1.48 
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PTE Mo Ce Rb Sn Ho Eu Ga Y 
DL 0.10 0.10 0.20 1.00 0.01 0.05 0.10 0.10 
TL07#1 7.40 26.70 30.90 3.00 0.70 1.10 18.60 21.10 
TL07#2 7.20 16.40 16.00 2.00 0.60 0.80 23.60 16.10 
TL07#3 7.10 11.20 6.90 1.00 0.20 0.30 2.70 4.70 
TL07#4 2.70 14.60 10.50 2.00 0.40 0.60 6.80 10.90 
TL07#5 2.90 16.00 20.10 3.00 0.50 0.70 12.20 13.40 
TL07#6 3.10 16.30 22.90 3.00 0.50 0.70 11.40 13.90 
TL07#7 7.60 14.40 13.00 1.00 0.40 0.50 6.30 10.00 
TL07#8 2.80 17.60 20.10 2.00 0.50 0.70 8.50 14.30 
TL07#9 3.80 11.50 14.90 1.00 0.30 0.40 5.50 8.00 
TL07#10 1.80 13.10 16.30 1.00 0.40 0.50 6.40 10.10 
TL07#11 5.60 15.50 14.60 2.00 0.50 0.70 7.20 13.10 
TL07#12 0.60 6.10 23.40 1.00 0.20 0.20 4.50 4.70 
TL07#13 1.60 5.50 14.90 1.00 0.20 0.30 3.00 5.60 
TL07#14 3.30 13.80 17.60 2.00 0.40 0.60 9.80 11.90 
TL07#15 0.50 6.70 14.80 1.00 0.20 0.30 3.90 7.30 
TL07#16 2.20 17.30 19.40 2.00 0.50 0.70 8.40 13.70 
TL09#1 2.90 11.30 15.40 1.00 0.30 0.51 7.10 11.10 
TL09#2 2.80 15.50 10.20 1.00 0.30 0.54 3.30 9.20 
TL09#3 24.00 17.10 28.70 3.00 0.60 0.72 14.70 16.50 
TL09#4 13.10 20.10 27.30 3.00 0.60 0.77 13.60 17.30 
TL09#5 3.50 19.40 25.30 3.00 0.60 0.82 14.90 17.80 
TL09#6 0.20 6.40 16.30 1.00 0.20 0.31 0.80 8.40 
TL09#7 1.50 11.90 16.00 2.00 0.40 0.56 7.80 11.10 
TL09#8 2.00 11.80 13.50 1.00 0.40 0.53 4.20 11.10 
TL09#9 3.90 14.30 23.30 1.00 0.40 0.54 6.00 12.20 
TL09#10 2.70 12.00 12.70 1.00 0.40 0.49 4.00 11.70 
TL09#11 2.30 14.60 17.40 2.00 0.40 0.64 6.30 13.30 
TL09#12 5.40 12.50 15.30 2.00 0.40 0.55 5.50 11.30 
TL09#13 6.70 16.30 22.00 2.00 0.40 0.60 6.30 13.00 
TL09#14 7.10 15.10 17.90 2.00 0.40 0.67 8.40 13.70 
TL09#15 15.80 14.10 21.20 2.00 0.40 0.60 7.20 11.80 
TL09#16 9.60 16.10 22.10 1.00 0.50 0.65 9.60 13.40 
TL09#17 7.40 14.50 21.00 2.00 0.50 0.67 8.50 13.20 
TL09#18 37.50 17.40 24.50 4.00 0.60 0.71 12.50 15.10 
TL09#19 5.50 17.10 24.70 3.00 0.60 0.76 10.80 14.80 
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PTE Sr Nb Sb La Pr Nd Sm Gd 
DL 0.20 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
TL07#1 176.00 2.70 0.80 13.90 3.80 15.80 3.70 3.60 
TL07#2 91.80 1.90 0.60 8.20 2.30 10.20 2.40 2.70 
TL07#3 1000.00 0.10 0.30 5.10 1.50 6.60 1.30 1.10 
TL07#4 980.00 3.20 0.40 6.50 2.00 8.70 2.00 2.30 
TL07#5 640.00 2.10 0.50 7.80 2.20 9.20 2.10 2.30 
TL07#6 595.00 1.50 0.50 7.80 2.20 9.30 2.20 2.50 
TL07#7 919.00 0.70 0.80 6.80 1.90 8.10 1.70 1.90 
TL07#8 927.00 1.20 0.50 7.90 2.40 10.00 2.30 2.40 
TL07#9 915.00 0.70 0.40 5.30 1.50 6.20 1.40 1.50 
TL07#10 1000.00 0.60 0.30 6.30 1.80 7.70 1.70 1.90 
TL07#11 1000.00 0.80 0.50 7.10 2.10 8.90 2.10 2.30 
TL07#12 1000.00 0.30 0.20 3.00 0.80 3.50 0.70 0.80 
TL07#13 1000.00 2.30 0.20 2.80 0.80 3.40 0.80 0.80 
TL07#14 1000.00 1.20 0.40 6.90 1.90 8.00 1.80 2.10 
TL07#15 1000.00 0.30 0.20 3.50 1.00 4.20 1.00 1.20 
TL07#16 838.00 1.00 0.50 7.80 2.30 9.70 2.20 2.60 
TL09#1 1000.00 0.40 0.40 5.40 1.60 7.00 1.60 1.70 
TL09#2 1000.00 0.10 0.70 6.90 2.00 8.40 1.70 1.80 
TL09#3 228.00 1.60 0.60 8.50 2.40 9.50 2.20 2.50 
TL09#4 210.00 1.60 0.90 9.90 2.80 11.70 2.60 2.70 
TL09#5 228.00 2.00 0.90 9.80 2.70 11.50 2.70 2.80 
TL09#6 1000.00 0.10 0.50 3.20 0.90 3.90 0.90 1.10 
TL09#7 782.00 0.60 0.60 5.60 1.70 7.20 1.80 1.90 
TL09#8 1000.00 0.10 0.40 5.30 1.60 6.90 1.70 1.80 
TL09#9 1000.00 0.30 0.70 6.10 1.80 7.70 1.80 1.90 
TL09#10 1000.00 0.10 0.60 5.30 1.70 7.10 1.50 1.60 
TL09#11 874.00 0.30 1.10 6.30 2.00 8.80 2.00 2.20 
TL09#12 1000.00 0.30 0.80 5.70 1.70 7.10 1.80 1.90 
TL09#13 881.00 0.50 0.80 7.40 2.10 8.80 1.90 2.10 
TL09#14 798.00 0.50 0.80 6.70 2.10 9.10 2.10 2.20 
TL09#15 768.00 0.40 1.80 6.80 1.90 8.10 1.90 2.10 
TL09#16 669.00 0.50 0.90 7.30 2.20 9.60 2.10 2.10 
TL09#17 646.00 0.70 1.20 6.60 2.00 8.70 2.10 2.30 
TL09#18 348.00 1.20 1.80 8.10 2.40 10.30 2.30 2.40 
TL09#19 530.00 1.10 0.70 8.10 2.30 9.70 2.30 2.60 
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PTE Tb Dy Ti Th U Mg* Al* K* 
DL 0.10 0.10 0.05 0.10 0.10 0.01 0.01 0.01 
TL07#1 0.60 3.10 0.32 2.00 2.90 1.55 8.70 0.92 
TL07#2 0.40 2.50 0.24 1.40 1.10 1.51 10.00 0.85 
TL07#3 0.10 0.80 0.19 0.20 6.20 0.82 1.45 0.30 
TL07#4 0.30 1.90 0.49 1.00 2.50 1.47 3.04 0.53 
TL07#5 0.40 2.10 0.40 1.50 2.60 1.89 6.37 0.72 
TL07#6 0.40 2.10 0.48 1.20 2.70 1.58 6.04 0.76 
TL07#7 0.30 1.50 0.36 0.80 10.00 0.97 3.26 0.46 
TL07#8 0.40 2.10 0.57 1.20 2.50 1.49 4.53 0.79 
TL07#9 0.20 1.30 0.26 0.60 2.70 0.86 3.02 0.62 
TL07#10 0.30 1.50 0.44 1.20 2.30 1.30 3.44 0.66 
TL07#11 0.30 2.00 0.54 1.20 4.40 1.50 3.70 0.58 
TL07#12 0.10 0.70 0.20 0.20 0.90 0.84 1.92 1.22 
TL07#13 0.10 0.70 0.25 0.80 1.50 1.60 1.40 0.75 
TL07#14 0.30 1.80 0.39 1.10 2.30 1.86 4.86 0.61 
TL07#15 0.20 1.00 0.20 0.20 1.50 1.88 1.90 0.71 
TL07#16 0.40 2.20 0.49 1.10 2.20 1.27 4.40 0.77 
TL09#1 0.30 1.70 0.37 1.00 2.10 1.88 4.03 0.48 
TL09#2 0.30 1.50 0.22 0.70 3.70 0.91 2.32 0.38 
TL09#3 0.40 2.90 0.29 2.10 4.50 1.46 7.86 0.78 
TL09#4 0.40 2.70 0.25 1.80 2.90 1.49 7.00 0.74 
TL09#5 0.50 2.90 0.28 1.90 2.40 1.42 7.99 0.68 
TL09#6 0.20 1.10 0.13 0.40 1.70 1.84 1.70 0.69 
TL09#7 0.30 1.80 0.31 1.20 2.10 1.85 4.43 0.56 
TL09#8 0.30 1.80 0.44 0.90 2.30 1.59 3.02 0.51 
TL09#9 0.30 2.00 0.46 1.00 3.60 1.21 3.60 0.82 
TL09#10 0.30 1.60 0.39 0.70 2.10 1.45 2.59 0.44 
TL09#11 0.30 2.10 0.50 1.20 2.40 1.45 3.74 0.65 
TL09#12 0.30 1.90 0.40 1.00 3.90 1.24 3.59 0.50 
TL09#13 0.30 2.20 0.34 1.20 4.60 1.07 4.48 0.70 
TL09#14 0.30 2.20 0.36 1.20 10.20 1.48 4.70 0.61 
TL09#15 0.30 2.10 0.22 1.10 8.80 1.10 4.52 0.79 
TL09#16 0.30 2.10 0.24 1.30 5.70 1.08 4.97 0.53 
TL09#17 0.40 2.30 0.29 1.40 6.50 1.41 5.16 0.67 
TL09#18 0.40 2.60 0.38 1.70 6.10 1.67 6.41 0.73 
TL09#19 0.40 2.70 0.50 1.60 2.50 1.55 6.54 0.76 
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Continued. 
 
PTE Ca* 
DL 0.01 
TL07#1 1.90 
TL07#2 0.48 
TL07#3 26.10 
TL07#4 12.60 
TL07#5 8.21 
TL07#6 7.45 
TL07#7 20.10 
TL07#8 13.60 
TL07#9 21.20 
TL07#10 20.20 
TL07#11 15.70 
TL07#12 16.80 
TL07#13 25.20 
TL07#14 14.40 
TL07#15 24.50 
TL07#16 12.20 
TL09#1 12.10 
TL09#2 21.60 
TL09#3 1.91 
TL09#4 1.83 
TL09#5 2.70 
TL09#6 22.10 
TL09#7 7.71 
TL09#8 15.50 
TL09#9 11.30 
TL09#10 20.70 
TL09#11 9.55 
TL09#12 14.50 
TL09#13 12.80 
TL09#14 9.50 
TL09#15 10.80 
TL09#16 10.30 
TL09#17 7.93 
TL09#18 3.69 
TL09#19 5.49 
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Appendix J 
Supporting Information for Chapter Five 
Surface sample porewater PTE analysis. Concentrations are in nmol/L. ND: No data.  
 
PTE Cu As Se Mn Zn Li Ba Cs 
DL 0.20 0.03 0.20 0.10 0.50 1.00 0.10 0.001 
TL09#1 15.58 9.48 3.53 117.58 3.82 24.64 1.35 0.02 
TL09#2 ND ND ND ND ND ND ND ND 
TL09#3 ND ND ND ND ND ND ND ND 
TL09#4 16.68 9.34 3.14 0.91 9.33 195.97 6.07 0.01 
TL09#5 15.58 8.41 3.22 25.85 3.82 72.05 9.25 0.01 
TL09#6 14.48 8.14 1.27 16.75 3.82 242.07 1.24 0.02 
TL09#7 18.89 9.21 2.66 458.68 34.11 262.25 1.27 0.02 
TL09#8 19.04 9.34 1.27 178.01 11.47 314.12 1.95 0.03 
TL09#9 14.16 7.88 6.86 46.78 3.82 257.93 2.32 0.02 
TL09#10 13.53 7.47 3.57 105.39 3.82 246.40 1.81 0.02 
TL09#11 ND ND ND ND ND ND ND ND 
TL09#12 13.69 8.81 6.26 26.21 11.62 240.63 19.95 0.02 
TL09#13 12.12 7.07 1.27 49.51 3.82 224.78 1.30 0.02 
TL09#14 22.03 7.07 5.18 155.62 3.82 224.78 1.84 0.02 
TL09#15 11.49 7.34 5.27 9.65 3.82 217.58 1.43 0.02 
TL09#16 12.28 7.47 4.33 26.94 3.82 234.87 1.35 0.02 
TL09#17 11.80 11.21 1.27 706.22 18.97 234.87 4.33 0.01 
TL09#18 17.31 9.21 5.21 2.37 3.82 204.61 5.09 0.01 
TL09#19 17.00 8.14 3.15 185.66 3.82 240.63 3.79 0.02 
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Continued. 
PTE Mo Ce Rb Sr Ti U Mg K 
DL 0.10 0.001 0.005 0.04 0.100 0.001 1.00 30.00 
TL09#1 0.52 1.86 14.04 9.84x104 2.13 0.01 5.21x105 1.01x105 
TL09#2 ND ND ND ND ND ND ND ND 
TL09#3 ND ND ND ND ND ND ND ND 
TL09#4 0.52 0.004 13.81 9.48x104 4.47 0.09 5.63x105 1.04x105 
TL09#5 0.52 0.004 12.29 7.76x104 1.04 0.01 5.08x105 9.72x104 
TL09#6 5.33 0.004 12.52 7.56x104 1.04 0.18 4.58x105 8.95x104 
TL09#7 0.52 0.004 13.92 9.34x104 2.13 0.10 5.21x105 9.79x104 
TL09#8 1.46 0.004 15.80 1.11x105 2.19 0.06 5.75x105 1.13x105 
TL09#9 0.52 0.004 12.52 7.93x104 1.04 0.02 4.92x105 9.03x104 
TL09#10 0.52 0.004 12.17 7.58x104 2.13 0.04 4.63x105 8.87x104 
TL09#11 ND ND ND ND ND ND ND ND 
TL09#12 7.53 0.004 12.64 7.60x104 1.04 0.16 4.54x105 8.92x104 
TL09#13 6.20 0.004 11.08 6.86x104 1.04 0.09 4.29x105 8.18x104 
TL09#14 2.13 0.004 11.05 6.65x104 1.04 0.08 4.06x105 8.05x104 
TL09#15 22.62 0.004 10.85 6.59x104 1.04 0.67 4.05x105 8.00x104 
TL09#16 6.83 0.004 11.60 7.00x104 2.84 0.32 4.38x105 8.38x104 
TL09#17 0.52 0.076 11.53 1.31x105 4.74 0.59 4.15x105 8.23x104 
TL09#18 0.52 0.004 13.22 1.04x105 3.89 0.05 5.63x105 1.05x105 
TL09#19 0.52 0.004 13.34 9.91x104 2.65 0.01 5.21x105 9.87x104 
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Continued. 
PTE Ca 
DL 700.00 
TL09#1 9.98X104 
TL09#2 ND 
TL09#3 ND 
TL09#4 9.61X104 
TL09#5 7.85X104 
TL09#6 8.95X104 
TL09#7 1.00X105 
TL09#8 1.13X105 
TL09#9 9.27X104 
TL09#10 9.00X104 
TL09#11 ND 
TL09#12 9.02X104 
TL09#13 8.24X104 
TL09#14 8.05X104 
TL09#15 7.98X104 
TL09#16 8.46X104 
TL09#17 1.92X105 
TL09#18 1.01X105 
TL09#19 9.80X104 
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Appendix K 
Supporting Information for Chapter Five 
Core TLCI09 Pb-210 analysis. 
 
Sample 
Depth 
(cm) 
Cumulative 
weight/depth 
(g/cm2) 
Excess 
Pb-210 
(dpm/g) 
Excess 
Pb-210 
activity 
error 
Age at 
given 
interval      
(yr) 
Age 
1s 
error 
Date at 
given 
interval 
Mass 
sedimentation 
rate 
(mg/cm2/yr) 
Binford's 
sedimentation 
rate 1s error 
(mg/cm2/yr) 
TLCI09#1 0-0.5 0.15 4.84 0.27 0.82 0.596 2009 179 10 
TLCI09#2 0.5-1 0.37 4.17 0.18 1.91 0.605 2008 201 9 
TLCI09#3 1-1.5 0.57 6.11 0.29 3.47 0.616 2006 132 6 
TLCI09#4 1.5-2 0.76 5.54 0.28 4.79 0.627 2005 139 7 
TLCI09#5 2-2.5 0.95 5.14 0.21 6.18 0.640 2003 144 6 
TLCI09#6 2.5-3 1.18 4.80 0.27 7.72 0.652 2002 147 8 
TLCI09#7 3-3.5 1.32 4.94 0.29 8.77 0.662 2001 137 8 
TLCI09#8 3.5-4 1.45 4.48 0.25 9.62 0.671 2000 147 8 
TLCI09#9 4-4.5 1.58 4.53 0.30 10.55 0.680 1999 141 10 
TLCI09#10 4.5-5 1.72 4.25 0.17 11.50 0.692 1998 146 6 
TLCI09#11 5-7 2.33 3.83 0.20 15.60 0.719 1994 150 8 
TLCI09#12 7-9 2.94 4.50 0.21 21.06 0.762 1988 110 5 
TLCI09#13 9-11 3.48 3.66 0.17 25.78 0.814 1984 116 6 
TLCI09#14  11-13 4.24 2.81 0.14 31.71 0.880 1978 127 7 
TLCI09#15 13-15 5.07 2.52 0.09 38.89 1.019 1971 116 5 
TLCI09#16 15-17 5.79 2.67 0.09 47.27 1.232 1962 86 4 
TLCI09#17 17-19 6.42 2.82 0.10 57.55 1.588 1952 61 3 
TLCI09#18 19-21 7.24 1.92 0.10 70.68 2.186 1939 62 4 
TLCI09#19 21-23 8.28 1.01 0.10 83.93 2.877 1926 78 9 
TLCI09#20 23-25 9.46 0.75 0.07 101.82 4.501 1908 66 9 
TLCI09#21 25-27 10.64 0.69 0.10 139.84 10.02 1870 31 8 
TLCI9#22-#36 No dates recorded from TLCI-09#22-#36. 
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Appendix L 
Supporting Information for Chapter Five 
Core TLCI07 samples grain size analysis. Sizes reported as weight percent (%). VC= very coarse; C= coarse; M= 
medium; F= fine; VF= very fine. 
 
  Size (ɸ) 
  -1 0 1 2 3 4 >4 
  Size (name) 
Sample Median (ɸ) Gravel VC Sand C Sand M Sand F Sand VF Sand Mud 
TLCI07#1 >4 2.43 0.26 1.10 3.89 13.97 16.10 61.83 
TLCI07#2 >4 6.70 1.02 1.34 4.01 16.08 18.05 52.30 
TLCI07#3 1 4.14 1.67 1.79 6.94 15.99 13.90 55.52 
TLCI07#4 >4 10.54 0.67 1.86 6.44 15.24 15.09 50.14 
TLCI07#5 4 12.79 0.60 1.33 6.58 13.76 17.32 46.85 
TLCI07#6 >4 2.66 0.82 1.27 6.32 13.80 12.96 61.86 
TLCI07#7 -1 5.53 1.11 2.02 7.95 12.66 13.70 56.68 
TLCI07#8 >4 3.61 1.28 0.94 5.22 10.37 8.36 69.61 
TLCI07#9 -1 1.97 0.49 0.69 2.65 5.04 5.43 82.97 
TLCI07#10 3 0.27 0.37 0.76 3.24 6.88 6.44 81.97 
TLCI07#11 -1 1.71 0.77 0.70 3.40 5.55 4.90 82.42 
TLCI07#12 2 7.14 1.29 1.29 5.33 9.11 7.82 87.97 
TLCI07#13 2 1.90 0.93 1.31 3.29 4.38 2.12 85.56 
TLCI07#14 >4 0.43 1.37 2.19 3.49 4.36 2.72 85.40 
TLCI07#15 2 3.29 1.50 2.37 3.60 5.37 3.02 80.42 
TLCI07#16 >4 12.69 1.67 1.96 2.70 4.20 2.87 73.74 
TLCI07#17 >4 29.72 2.55 2.43 2.31 3.98 3.34 55.39 
TLCI07#18 -1 15.59 3.01 2.23 3.04 5.77 4.41 65.65 
TLCI07#19 >4 52.21 1.31 1.56 2.32 4.74 3.48 33.13 
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Continued. 
  Size (ɸ) 
  -1 0 1 2 3 4 >4 
  Size (name) 
Sample Median (ɸ) Gravel VC Sand C Sand M Sand F Sand VF Sand Mud 
TLCI07#20 >4 14.14 5.23 4.26 2.82 4.26 3.34 65.30 
TLCI07#21 >4 33.95 3.05 3.40 2.71 4.74 3.49 48.27 
TLCI07#22 2 35.39 6.70 4.63 3.37 5.42 3.10 40.95 
TLCI07#23 >4 10.44 6.53 5.48 4.81 8.22 5.38 59.10 
TLCI07#24 >4 6.96 3.17 4.75 5.84 8.84 5.60 64.69 
TLCI07#25 >4 4.34 2.34 5.89 17.64 13.12 5.57 50.76 
TLCI07#26 >4 0.75 2.44 6.59 15.17 13.77 5.79 54.98 
TLCI07#27 >4 4.05 2.87 3.60 5.54 12.86 6.62 64.11 
TLCI07#28 3 14.65 3.36 5.05 9.20 11.55 6.95 48.94 
TLCI07#29 -1 2.01 2.25 3.92 6.43 11.59 5.16 68.44 
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Core TLCI-09 sample grain size analysis. Sizes reported as weight percent (%). VC= very coarse; C= coarse; M= 
medium; F= fine; VF= very fine. 
 
  Size (ɸ) 
  -1 0 1 2 3 4 >4 
  Size (name) 
Sample Median (ɸ) Gravel VC Sand C Sand M Sand F Sand VF Sand Mud 
TLCI09#1 >4 0.00 0.00 0.31 0.12 0.40 0.64 98.71 
TLCI09#2 >4 0.00 0.00 0.00 0.00 0.18 0.49 99.47 
TLCI09#3 1 0.00 0.00 0.00 2.56 0.51 0.48 96.23 
TLCI09#4 >4 0.00 0.00 1.21 2.53 7.05 5.92 83.37 
TLCI09#5 4 0.00 0.00 0.43 0.64 2.24 4.18 92.58 
TLCI09#6 >4 0.00 0.00 0.57 0.31 0.57 1.40 98.15 
TLCI09#7 -1 0.00 0.00 0.00 0.00 1.59 1.37 96.93 
TLCI09#8 >4 0.00 0.00 0.00 0.00 0.20 0.54 99.05 
TLCI09#9 -1 0.00 0.00 0.00 0.00 0.50 0.69 99.25 
TLCI09#10 3 0.00 0.00 0.00 0.00 0.90 1.35 99.98 
TLCI09#11 -1 0.00 0.00 0.00 0.55 1.48 2.28 95.69 
TLCI09#12 2 1.45 2.21 2.07 2.24 6.50 7.99 77.44 
TLCI09#13 2 0.00 0.00 0.26 1.34 4.67 3.73 90.01 
TLCI09#14 >4 0.00 0.07 0.29 1.19 3.08 2.78 92.57 
TLCI09#15 2 0.00 0.09 0.34 1.42 3.66 3.30 99.46 
TLCI09#16 >4 0.00 0.00 0.00 0.28 1.10 2.36 96.12 
TLCI09#17 >4 0.00 0.00 0.31 1.73 5.17 4.36 97.83 
TLCI09#18 -1 0.00 0.00 0.19 0.10 1.00 1.48 96.54 
TLCI09#19 >4 0.00 0.00 1.03 1.32 2.78 3.52 91.75 
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Continued. 
  Size (ɸ) 
  -1 0 1 2 3 4 >4 
  Size (name) 
Sample Median (ɸ) Gravel VC Sand C Sand M Sand F Sand VF Sand Mud 
TLCI09#20 >4 14.14 5.23 4.26 2.82 4.26 3.34 65.30 
TLCI09#21 >4 33.95 3.05 3.40 2.71 4.74 3.49 48.27 
TLCI09#22 >4 35.39 6.70 4.63 3.37 5.42 3.10 40.95 
TLCI09#23 >4 10.44 6.53 5.48 4.81 8.22 5.38 59.10 
TLCI09#24 >4 6.96 3.17 4.75 5.84 8.84 5.60 64.69 
TLCI09#25 >4 4.34 2.34 5.89 17.64 13.12 5.57 50.76 
TLCI09#26 >4 0.75 2.44 6.59 15.17 13.77 5.79 54.98 
TLCI09#27 >4 4.05 2.87 3.60 5.54 12.86 6.62 64.11 
TLCI09#28 >4 14.65 3.36 5.05 9.20 11.55 6.95 48.94 
TLCI09#29 >4 2.01 2.25 3.92 6.43 11.59 5.16 68.44 
TLCI09#30 >4 0.13 0.92 4.57 12.48 15.13 6.00 58.13 
TLCI09#31 >4 0.00 0.03 0.16 1.64 9.21 9.91 78.88 
TLCI09#32 >4 0.00 0.33 1.40 3.75 6.51 4.25 83.70 
TLCI09#33 >4 0.00 0.12 2.21 7.31 6.05 2.67 81.51 
TLCI09#34 >4 0.00 0.11 0.46 1.83 6.46 3.97 87.12 
TLCI09#35 >4 0.00 0.01 0.21 0.18 6.54 8.16 84.79 
TLCI09#36 >4 0.00 0.36 4.17 16.78 12.23 4.83 61.36 
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Appendix M 
Supporting Information for Chapter Five 
Core TLCI07 PTE analysis. Concentrations are in MG/KG except for percent (%) (*). 
EF-ME: enrichment factor of metal (has no units). F2-PTE: acid-soluble PTE. 
 
PTE Cu EF-Cu F2-Cu Zn EF-Zn F2-Zn Ni EF-Ni 
DL 0.20 -  0.20 0.20 -  0.20 0.50 -  
TLCI07#1 38.30 1.52 8.40 62.60 1.18 15.75 13.70 0.36 
TLCI07#2 37.90 1.47 8.31 61.50 1.13 15.73 13.30 0.34 
TLCI07#3 32.60 1.41 6.98 53.20 1.09 14.68 11.90 0.34 
TLCI07#4 29.90 1.43 7.73 49.40 1.12 15.78 11.40 0.36 
TLCI07#5 32.50 1.33 6.91 57.00 1.10 14.61 12.60 0.34 
TLCI07#6 31.50 1.30 6.95 52.70 1.03 14.06 12.80 0.35 
TLCI07#7 43.50 0.98 6.46 79.50 0.85 14.03 18.90 0.28 
TLCI07#8 39.90 1.09 7.11 68.20 0.89 14.14 16.20 0.29 
TLCI07#9 40.00 1.10 7.00 74.80 0.97 13.77 16.80 0.31 
TLCI07#10 45.20 1.19 6.91 83.60 1.04 14.61 19.00 0.33 
TLCI07#11 51.20 1.16 7.24 86.80 0.93 13.69 21.40 0.32 
TLCI07#12 65.40 1.46 9.47 86.70 0.92 15.09 22.70 0.34 
TLCI07#13 88.00 1.61 11.22 103.00 0.89 15.68 28.00 0.34 
TLCI07#14 79.00 1.67 15.80 95.20 0.95 17.31 24.20 0.34 
TLCI07#15 63.70 1.56 14.04 82.20 0.96 16.63 23.80 0.39 
TLCI07#16 58.00 1.53 11.34 72.80 0.91 15.55 20.40 0.36 
TLCI07#17 38.80 1.56 11.59 103.00 1.96 15.80 15.70 0.42 
TLCI07#18 55.00 1.72 9.72 71.00 1.05 14.81 19.40 0.40 
TLCI07#19 55.70 1.68 8.74 72.90 1.04 14.97 19.40 0.39 
TLCI07#20 57.50 1.72 10.50 72.40 1.02 15.07 20.70 0.41 
TLCI07#21 57.10 2.18 9.18 72.40 1.31 13.57 21.20 0.54 
TLCI07#22 56.90 1.77 9.45 69.20 1.02 13.81 21.00 0.43 
TLCI07#23 54.90 1.73 8.01 78.60 1.17 13.51 20.50 0.43 
TLCI07#24 52.40 1.75 6.16 66.80 1.06 11.39 20.80 0.46 
TLCI07#25 49.60 1.88 7.13 56.00 1.00 12.34 19.40 0.49 
TLCI07#26 53.30 1.69 3.38 64.00 0.96 10.44 21.50 0.45 
TLCI07#27 35.10 1.58 2.20 46.20 0.98 9.28 14.30 0.43 
TLCI07#28 32.50 1.39 1.50 46.90 0.95 8.60 13.20 0.37 
TLCI07#29 45.40 1.70 2.02 57.50 1.02 7.93 18.60 0.46 
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Continued. 
 
PTE Pb EF-Pb Cr EF-Cr As EF-As Li EF-Li 
DL 0.50 -  0.50  - 0.10 -  0.50 -  
TLCI07#1 11.80 1.06 56.60 1.13 18.90 2.60 19.70 0.53 
TLCI07#2 18.60 1.63 53.30 1.04 18.70 2.52 20.10 0.53 
TLCI07#3 12.80 1.25 40.40 0.88 16.50 2.48 17.50 0.52 
TLCI07#4 16.60 1.78 44.20 1.06 14.60 2.42 16.00 0.52 
TLCI07#5 59.80 5.50 48.80 1.00 18.00 2.55 18.00 0.50 
TLCI07#6 9.10 0.85 74.80 1.55 14.40 2.06 17.90 0.50 
TLCI07#7 12.80 0.65 37.00 0.42 13.20 1.03 39.40 0.60 
TLCI07#8 13.10 0.81 60.20 0.83 14.10 1.34 31.20 0.58 
TLCI07#9 24.40 1.51 48.50 0.67 13.80 1.31 34.30 0.64 
TLCI07#10 12.90 0.76 52.60 0.69 13.50 1.23 40.00 0.72 
TLCI07#11 17.40 0.88 49.50 0.56 15.10 1.18 43.90 0.68 
TLCI07#12 21.40 1.08 46.30 0.52 14.80 1.14 53.50 0.81 
TLCI07#13 12.00 0.49 45.70 0.42 14.40 0.91 69.80 0.87 
TLCI07#14 11.30 0.54 32.60 0.34 14.60 1.07 62.40 0.90 
TLCI07#15 10.20 0.56 54.70 0.67 16.10 1.37 54.60 0.91 
TLCI07#16 10.40 0.62 37.10 0.49 15.50 1.41 45.60 0.82 
TLCI07#17 7.20 0.65 30.30 0.61 14.70 2.04 33.90 0.93 
TLCI07#18 11.40 0.80 40.80 0.64 18.50 2.00 42.80 0.91 
TLCI07#19 12.20 0.83 37.90 0.57 19.60 2.05 44.20 0.91 
TLCI07#20 9.80 0.66 41.70 0.62 19.50 2.02 47.80 0.97 
TLCI07#21 6.80 0.58 66.30 1.27 27.40 3.63 45.10 1.18 
TLCI07#22 11.80 0.83 44.50 0.69 28.30 3.04 43.90 0.93 
TLCI07#23 6.60 0.47 34.90 0.55 29.50 3.22 42.10 0.90 
TLCI07#24 5.50 0.41 52.20 0.87 35.30 4.09 41.50 0.95 
TLCI07#25 9.50 0.81 46.60 0.88 36.30 4.75 35.10 0.91 
TLCI07#26 9.50 0.68 53.20 0.84 35.30 3.87 40.70 0.88 
TLCI07#27 10.10 1.02 59.40 1.34 25.80 4.02 21.10 0.65 
TLCI07#28 10.30 0.99 61.00 1.30 22.50 3.33 22.00 0.64 
TLCI07#29 7.60 0.64 49.80 0.93 33.00 4.28 32.90 0.84 
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Continued. 
 
PTE Se EF-Se Fe* EF-Fe F2--Fe* Mn EF-Mn Re 
DL 0.10   0.01   0.01 1.00   0.001 
TLCI07#1 1.10 1.69 5.21 0.10 0.96 1270.00 1.37 0.006 
TLCI07#2 0.50 1.15 6.28 0.12 0.40 516.00 0.49 0.001 
TLCI07#3 1.70 15.63 1.61 0.19 0.31 137.00 0.89 0.014 
TLCI07#4 1.30 5.70 3.73 0.21 0.45 937.00 2.90 0.017 
TLCI07#5 1.30 2.72 4.25 0.11 0.95 3020.00 4.46 0.006 
TLCI07#6 1.20 2.65 4.92 0.14 0.59 1460.00 2.28 0.011 
TLCI07#7 1.20 4.91 3.48 0.18 0.65 767.00 2.21 0.022 
TLCI07#8 1.30 3.83 4.14 0.15 0.59 947.00 1.97 0.013 
TLCI07#9 0.70 3.09 2.61 0.15 0.51 592.00 1.84 0.013 
TLCI07#10 0.90 3.49 2.32 0.11 0.42 598.00 1.64 0.005 
TLCI07#11 1.00 3.60 3.64 0.17 0.37 830.00 2.11 0.018 
TLCI07#12 0.50 3.47 0.76 0.07 0.62 299.00 1.47 0.001 
TLCI07#13 0.80 7.62 0.63 0.08 0.48 248.00 1.67 0.001 
TLCI07#14 1.20 3.29 3.16 0.11 0.47 1080.00 2.09 0.014 
TLCI07#15 0.40 2.81 0.94 0.08 0.48 435.00 2.15 0.002 
TLCI07#16 1.20 3.64 4.13 0.16 0.70 920.00 1.97 0.020 
TLCI07#17 0.80 1.69 2.73 1.15 0.13 867.00 2.02 0.008 
TLCI07#18 1.00 2.11 2.76 2.02 0.20 735.00 2.98 0.010 
TLCI07#19 1.00 2.11 5.07 1.09 0.15 666.00 0.80 0.006 
TLCI07#20 1.30 2.74 4.29 1.04 0.18 656.00 0.88 0.003 
TLCI07#21 0.70 1.48 4.78 1.01 0.20 1470.00 1.73 0.006 
TLCI07#22 0.30 0.63 0.62 0.62 0.09 352.00 1.95 0.001 
TLCI07#23 0.60 1.27 3.46 1.32 0.17 1870.00 3.97 0.011 
TLCI07#24 0.90 1.90 2.68 1.50 0.12 739.00 2.30 0.007 
TLCI07#25 0.70 1.48 2.75 1.29 0.02 645.00 1.69 0.012 
TLCI07#26 1.00 2.11 1.89 1.24 0.11 727.00 2.64 0.004 
TLCI07#27 0.90 1.90 3.93 1.78 0.15 830.00 2.09 0.016 
TLCI07#28 0.60 1.27 3.48 1.64 0.12 741.00 1.94 0.017 
TLCI07#29 1.10 2.32 4.06 1.54 0.14 964.00 2.03 0.020 
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Continued. 
 
PTE EF-Re V EF-V Cd Ba Co Zr Cs 
DL   1.00   0.01 1.00 0.10 1.00 0.05 
TLCI07#1 3.58 93.00 1.28 0.20 148.00 9.00 18.00 0.52 
TLCI07#2 2.80 99.00 1.33 0.20 155.00 9.10 20.00 0.54 
TLCI07#3 2.34 91.00 1.37 0.20 138.00 8.30 18.00 0.50 
TLCI07#4 2.80 81.00 1.34 0.10 170.00 7.20 16.00 0.44 
TLCI07#5 2.02 94.00 1.33 0.10 155.00 8.50 18.00 0.50 
TLCI07#6 2.60 107.00 1.53 0.10 209.00 8.10 32.00 0.49 
TLCI07#7 0.91 212.00 1.65 0.20 146.00 13.20 35.00 0.88 
TLCI07#8 1.73 169.00 1.60 0.10 100.00 11.40 26.00 0.71 
TLCI07#9 2.10 199.00 1.89 0.10 114.00 13.30 29.00 0.80 
TLCI07#10 1.89 237.00 2.15 0.20 139.00 15.50 41.00 0.88 
TLCI07#11 1.73 238.00 1.86 0.20 152.00 17.10 38.00 0.98 
TLCI07#12 1.91 150.00 1.16 0.10 135.00 14.10 35.00 0.98 
TLCI07#13 1.48 171.00 1.08 0.10 221.00 17.20 41.00 1.15 
TLCI07#14 1.43 149.00 1.09 0.10 142.00 15.40 31.00 1.08 
TLCI07#15 1.66 123.00 1.05 0.05 181.00 13.80 28.00 1.04 
TLCI07#16 1.89 132.00 1.20 0.10 111.00 12.20 27.00 0.90 
TLCI07#17 1.99 84.00 1.17 0.05 187.00 9.30 24.00 0.73 
TLCI07#18 2.54 116.00 1.26 0.05 182.00 12.10 31.00 0.90 
TLCI07#19 2.58 112.00 1.17 0.05 150.00 12.10 31.00 1.03 
TLCI07#20 3.36 117.00 1.21 0.05 197.00 12.70 30.00 1.08 
TLCI07#21 5.16 123.00 1.63 0.05 164.00 13.30 46.00 0.91 
TLCI07#22 6.01 122.00 1.31 0.10 130.00 12.80 27.00 0.99 
TLCI07#23 7.38 121.00 1.32 0.10 110.00 12.50 24.00 0.92 
TLCI07#24 9.79 131.00 1.52 0.05 177.00 11.90 23.00 0.89 
TLCI07#25 13.79 121.00 1.58 0.10 128.00 10.70 25.00 0.82 
TLCI07#26 11.12 126.00 1.38 0.10 102.00 11.80 24.00 0.95 
TLCI07#27 7.49 93.00 1.45 0.05 133.00 8.30 18.00 0.57 
TLCI07#28 5.96 88.00 1.30 0.10 114.00 7.70 19.00 0.60 
TLCI07#29 8.08 115.00 1.49 0.10 132.00 9.80 23.00 0.78 
 
 
 
 
 
 
 
 
208 
 
Continued. 
 
PTE Mo Ce Rb Sn Ho Eu Ga Y 
DL 0.10 0.10 0.20 1.00 0.01 0.05 0.10 0.10 
TLCI07#1 4.60 17.40 25.60 2.00 0.50 0.64 11.60 13.50 
TLCI07#2 4.20 19.10 24.60 2.00 0.50 0.69 12.00 14.00 
TLCI07#3 3.50 16.90 24.90 2.00 0.40 0.62 10.50 12.70 
TLCI07#4 3.10 15.20 20.90 2.00 0.40 0.57 10.20 11.30 
TLCI07#5 3.60 18.10 25.50 2.00 0.50 0.67 10.90 13.60 
TLCI07#6 3.90 18.80 26.50 2.00 0.50 0.67 12.20 14.90 
TLCI07#7 4.10 42.20 35.10 2.00 0.90 1.19 18.70 23.80 
TLCI07#8 4.10 31.50 30.10 2.00 0.70 0.93 14.80 18.90 
TLCI07#9 4.80 33.20 32.90 2.00 0.70 0.94 16.20 18.60 
TLCI07#10 5.10 32.90 27.60 2.00 0.70 0.95 18.10 18.70 
TLCI07#11 5.60 35.60 34.80 2.00 0.80 1.04 19.40 21.00 
TLCI07#12 3.60 21.00 30.30 2.00 0.60 0.79 18.30 16.60 
TLCI07#13 3.50 20.50 30.20 2.00 0.60 0.85 23.50 17.20 
TLCI07#14 4.90 19.60 32.10 2.00 0.60 0.80 19.90 16.50 
TLCI07#15 4.80 17.10 26.70 1.00 0.50 0.70 17.70 14.00 
TLCI07#16 4.80 19.70 27.80 1.00 0.60 0.74 14.90 14.10 
TLCI07#17 4.10 13.90 20.90 < 1 0.40 0.52 13.00 10.10 
TLCI07#18 4.80 17.80 26.50 1.00 0.50 0.67 16.10 13.10 
TLCI07#19 5.80 18.20 28.50 1.00 0.50 0.71 15.60 13.30 
TLCI07#20 6.40 18.00 26.80 1.00 0.50 0.72 16.40 13.10 
TLCI07#21 8.80 15.30 15.70 < 1 0.50 0.64 15.70 12.30 
TLCI07#22 11.50 17.50 25.70 < 1 0.50 0.71 14.40 13.90 
TLCI07#23 14.60 16.50 24.50 < 1 0.50 0.67 13.40 13.20 
TLCI07#24 19.70 16.60 25.00 < 1 0.50 0.69 14.60 14.00 
TLCI07#25 26.80 16.20 24.30 < 1 0.50 0.65 12.00 13.50 
TLCI07#26 35.20 16.00 25.90 < 1 0.50 0.73 12.70 14.30 
TLCI07#27 18.40 15.40 23.40 < 1 0.50 0.64 10.20 13.00 
TLCI07#28 16.80 15.70 26.10 1.00 0.50 0.65 10.30 13.10 
TLCI07#29 29.10 15.50 25.00 < 1 0.50 0.66 12.70 14.00 
 
 
 
 
 
 
 
 
209 
 
Continued. 
 
PTE Sr Nb Sb La Pr Nd Sm Gd 
DL 0.20 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
TLCI07#1 586.00 2.30 0.60 7.40 2.30 9.40 2.20 2.50 
TLCI07#2 541.00 2.60 0.60 8.10 2.40 10.00 2.50 2.80 
TLCI07#3 584.00 2.50 0.50 6.90 2.10 8.60 2.10 2.30 
TLCI07#4 740.00 2.20 0.50 6.40 2.00 8.00 1.90 2.20 
TLCI07#5 603.00 2.70 0.50 7.50 2.40 9.40 2.20 2.50 
TLCI07#6 > 1000 2.90 0.50 7.80 2.50 9.70 2.20 2.60 
TLCI07#7 285.00 4.80 0.60 17.30 5.50 21.60 4.50 4.90 
TLCI07#8 359.00 4.00 0.60 12.70 4.00 15.70 3.50 3.90 
TLCI07#9 336.00 4.80 0.60 12.90 4.00 15.50 3.50 3.90 
TLCI07#10 241.00 5.90 0.70 12.00 4.00 15.20 3.50 3.80 
TLCI07#11 293.00 5.50 0.70 14.10 4.50 17.10 3.80 4.20 
TLCI07#12 358.00 3.30 0.60 9.40 2.80 11.20 2.60 3.20 
TLCI07#13 294.00 2.90 0.60 9.50 2.70 11.30 2.70 3.30 
TLCI07#14 338.00 2.90 0.60 9.20 2.60 10.50 2.50 3.10 
TLCI07#15 478.00 2.30 0.40 8.20 2.40 9.60 2.30 2.70 
TLCI07#16 393.00 2.70 0.50 8.80 2.60 10.60 2.50 2.90 
TLCI07#17 633.00 1.80 2.20 6.50 1.80 7.60 1.70 2.00 
TLCI07#18 563.00 2.40 0.60 8.10 2.40 9.70 2.20 2.60 
TLCI07#19 460.00 2.50 0.50 8.30 2.40 10.00 2.40 2.70 
TLCI07#20 443.00 2.20 0.60 8.30 2.40 10.00 2.40 2.80 
TLCI07#21 527.00 2.40 0.90 6.60 2.10 8.80 2.20 2.40 
TLCI07#22 478.00 2.10 1.00 7.90 2.40 9.70 2.40 2.70 
TLCI07#23 434.00 2.10 1.10 7.40 2.30 9.30 2.20 2.60 
TLCI07#24 427.00 2.00 1.40 7.70 2.30 9.50 2.20 2.70 
TLCI07#25 401.00 1.90 1.50 7.40 2.20 9.50 2.20 2.70 
TLCI07#26 289.00 2.00 1.70 7.30 2.30 9.50 2.30 2.80 
TLCI07#27 575.00 2.10 1.00 6.70 2.10 8.40 2.10 2.40 
TLCI07#28 548.00 2.60 0.90 6.90 2.10 8.90 2.10 2.50 
TLCI07#29 591.00 2.10 1.30 7.10 2.20 9.00 2.20 2.50 
 
 
 
 
 
 
 
 
210 
 
Continued. 
 
PTE Tb Dy Ti Th U Mg* Al* K* 
DL 0.10 0.10 0.05 0.10 0.10 0.01 0.01 0.01 
TLCI07#1 0.40 2.20 0.44 1.30 3.00 1.02 4.47 0.98 
TLCI07#2 0.40 2.50 0.48 1.50 3.20 0.98 4.57 0.97 
TLCI07#3 0.40 2.10 0.42 1.20 2.60 0.88 4.10 1.03 
TLCI07#4 0.30 2.00 0.37 1.10 2.40 0.81 3.72 0.88 
TLCI07#5 0.40 2.30 0.42 1.30 2.60 0.91 4.35 1.04 
TLCI07#6 0.40 2.30 0.38 1.40 3.70 0.93 4.30 1.04 
TLCI07#7 0.70 4.10 0.35 2.80 3.60 0.86 7.90 1.05 
TLCI07#8 0.60 3.30 0.38 2.20 3.70 0.88 6.48 0.99 
TLCI07#9 0.60 3.30 0.35 2.30 3.90 0.86 6.48 1.05 
TLCI07#10 0.60 3.50 0.35 2.80 4.20 0.82 6.77 0.91 
TLCI07#11 0.60 3.70 0.36 2.70 4.50 0.98 7.87 1.02 
TLCI07#12 0.50 3.00 0.32 2.00 4.70 1.31 7.96 0.92 
TLCI07#13 0.50 3.00 0.30 2.00 4.60 1.58 9.72 0.86 
TLCI07#14 0.50 2.80 0.30 1.80 4.20 1.37 8.41 0.87 
TLCI07#15 0.40 2.40 0.27 1.70 3.90 1.38 7.24 0.72 
TLCI07#16 0.40 2.60 0.33 1.80 4.50 1.16 6.76 0.81 
TLCI07#17 0.30 1.80 0.25 1.20 3.60 0.91 4.43 0.54 
TLCI07#18 0.40 2.30 0.32 1.50 4.40 1.11 5.68 0.70 
TLCI07#19 0.40 2.40 0.36 1.60 5.10 1.25 5.89 0.80 
TLCI07#20 0.40 2.50 0.38 1.70 6.80 1.33 5.95 0.69 
TLCI07#21 0.40 2.20 0.37 1.10 8.60 1.33 4.65 0.69 
TLCI07#22 0.40 2.50 0.43 1.50 11.20 1.32 5.72 0.67 
TLCI07#23 0.40 2.40 0.43 1.40 13.50 1.22 5.64 0.68 
TLCI07#24 0.40 2.40 0.45 1.30 18.10 1.26 5.31 0.66 
TLCI07#25 0.40 2.40 0.51 1.30 22.80 1.20 4.70 0.69 
TLCI07#26 0.40 2.60 0.60 1.40 26.70 1.24 5.61 0.71 
TLCI07#27 0.40 2.30 0.47 1.10 14.30 0.88 3.95 0.86 
TLCI07#28 0.40 2.20 0.43 1.20 10.00 0.86 4.16 0.97 
TLCI07#29 0.40 2.40 0.52 1.30 17.40 1.12 4.75 0.73 
 
 
 
 
 
 
 
 
211 
 
Continued. 
 
PTE Ca* 
DL 0.01 
TLCI07#1 8.13 
TLCI07#2 7.46 
TLCI07#3 8.88 
TLCI07#4 12.50 
TLCI07#5 8.71 
TLCI07#6 13.00 
TLCI07#7 3.78 
TLCI07#8 5.20 
TLCI07#9 4.57 
TLCI07#10 2.97 
TLCI07#11 3.71 
TLCI07#12 4.80 
TLCI07#13 3.81 
TLCI07#14 4.70 
TLCI07#15 8.69 
TLCI07#16 6.72 
TLCI07#17 13.70 
TLCI07#18 10.50 
TLCI07#19 7.68 
TLCI07#20 7.04 
TLCI07#21 8.41 
TLCI07#22 7.55 
TLCI07#23 7.24 
TLCI07#24 7.04 
TLCI07#25 6.14 
TLCI07#26 3.85 
TLCI07#27 8.81 
TLCI07#28 7.02 
TLCI07#29 8.00 
 
 
 
 
 
 
 
 
212 
 
Core TLCI09 PTE analysis. Concentrations are in MG/KG except for percent (%) (*). 
EF-ME: enrichment factor of metal (has no units). F2-PTE: acid-soluble PTE. 
 
PTE Cu EF-Cu F2-Cu Zn EF-Zn F2-Zn Ni EF-Ni 
DL 0.20 -  0.20 0.20 -  0.20 0.50 -  
TLCI09#1 57.00 1.77 13.60 104.00 1.53 57.12 16.90 0.35 
TLCI09#2 56.80 1.67 26.20 102.00 1.42 51.20 17.60 0.34 
TLCI09#3 54.90 1.75 8.98 124.00 1.87 55.01 17.40 0.37 
TLCI09#4 58.60 1.92 8.90 104.00 1.61 43.42 18.20 0.39 
TLCI09#5 57.50 2.36 8.11 108.00 2.10 56.77 17.00 0.46 
TLCI09#6 63.20 1.84 11.43 112.00 1.54 65.57 19.30 0.37 
TLCI09#7 61.60 1.83 9.50 112.00 1.57 53.42 18.70 0.37 
TLCI09#8 57.00 1.85 8.81 102.00 1.57 46.46 18.60 0.40 
TLCI09#9 63.40 1.93 8.05 106.00 1.53 41.68 16.90 0.34 
TLCI09#10 59.20 1.90 ND 106.00 1.61 ND 17.70 0.38 
TLCI09#11 61.10 1.67 8.79 115.00 1.49 56.79 18.70 0.34 
TLCI09#12 63.80 1.89 15.55 112.00 1.57 47.23 19.20 0.38 
TLCI09#13 79.20 1.91 11.20 116.00 1.32 56.74 22.70 0.36 
TLCI09#14 70.50 1.82 10.98 107.00 1.31 63.17 21.00 0.36 
TLCI09#15 72.50 2.45 14.54 110.00 1.76 51.00 22.40 0.50 
TLCI09#16 61.40 1.96 24.65 107.00 1.62 53.74 21.30 0.45 
TLCI09#17 76.90 2.16 10.48 122.00 1.62 46.28 22.60 0.42 
TLCI09#18 101.00 2.02 13.45 138.00 1.31 74.84 28.40 0.38 
TLCI09#19 111.00 2.02 22.64 134.00 1.15 73.51 29.70 0.36 
TLCI09#20 125.00 2.22 ND 140.00 1.18 ND 31.30 0.37 
TLCI09#21 123.00 2.19 ND 140.00 1.18 ND 29.90 0.35 
TLCI09#22 119.00 2.12 40.99 134.00 1.13 68.23 31.00 0.36 
TLCI09#23 116.00 2.06 28.48 137.00 1.15 66.60 28.90 0.34 
TLCI09#24 114.00 2.56 18.33 127.00 1.35 67.33 27.00 0.40 
TLCI09#25 81.30 1.86 12.48 117.00 1.26 63.47 22.80 0.34 
TLCI09#26 69.30 1.92 ND 99.60 1.30 ND 22.00 0.40 
TLCI09#27 66.10 1.91 5.58 106.00 1.45 51.84 21.90 0.42 
TLCI09#28 68.80 1.91 14.58 114.00 1.50 68.36 21.40 0.39 
TLCI09#29 68.10 1.86 14.56 112.00 1.45 62.25 22.50 0.41 
TLCI09#30 67.80 2.04 23.94 109.00 1.55 66.88 22.00 0.44 
TLCI09#31 65.60 1.89 22.77 116.00 1.58 79.26 21.00 0.40 
TLCI09#32 78.40 1.97 4.99 138.00 1.64 73.38 25.50 0.42 
TLCI09#33 69.00 2.03 3.98 126.00 1.76 67.83 21.90 0.43 
TLCI09#34 57.10 2.64 27.26 110.00 2.41 71.62 18.00 0.55 
TLCI09#35 64.20 2.19 23.40 117.00 1.89 75.96 19.20 0.43 
TLCI09#36 80.60 2.01 2.05 129.00 1.52 74.68 23.70 0.39 
 
 
 
 
 
213 
 
Continued. 
PTE Pb EF-Pb Cr EF-Cr As EF-As Li EF-Li 
DL 0.50 -  0.50  - 0.10 -  0.50 -  
TLCI09#1 16.40 1.14 37.80 0.59 4.70 0.50 32.70 0.69 
TLCI09#2 22.50 1.49 36.70 0.54 4.30 0.44 33.20 0.67 
TLCI09#3 15.70 1.13 30.60 0.49 3.40 0.38 34.60 0.75 
TLCI09#4 15.70 1.15 30.70 0.50 4.00 0.45 36.10 0.80 
TLCI09#5 16.80 1.55 34.70 0.71 4.00 0.57 32.10 0.90 
TLCI09#6 17.90 1.17 37.90 0.55 4.50 0.45 37.70 0.75 
TLCI09#7 17.50 1.17 28.20 0.42 4.80 0.49 36.90 0.75 
TLCI09#8 15.70 1.15 26.80 0.44 4.00 0.45 35.80 0.79 
TLCI09#9 16.20 1.11 29.60 0.45 4.80 0.51 32.20 0.67 
TLCI09#10 16.50 1.19 29.70 0.48 4.40 0.49 35.60 0.78 
TLCI09#11 18.20 1.12 34.20 0.47 4.60 0.44 35.20 0.66 
TLCI09#12 16.20 1.08 40.40 0.60 4.40 0.45 36.70 0.74 
TLCI09#13 17.10 0.93 34.40 0.41 4.60 0.38 39.30 0.65 
TLCI09#14 16.70 0.97 36.50 0.47 3.90 0.35 38.20 0.67 
TLCI09#15 15.80 1.20 41.90 0.71 3.20 0.37 41.00 0.94 
TLCI09#16 15.60 1.12 48.50 0.77 14.90 1.65 44.30 0.96 
TLCI09#17 17.50 1.11 25.20 0.35 3.70 0.36 40.50 0.78 
TLCI09#18 17.90 0.81 28.30 0.28 4.60 0.32 47.90 0.65 
TLCI09#19 14.90 0.61 38.40 0.35 5.80 0.36 36.50 0.45 
TLCI09#20 14.10 0.56 45.70 0.41 3.60 0.22 31.90 0.39 
TLCI09#21 14.40 0.58 51.90 0.46 7.30 0.45 22.90 0.28 
TLCI09#22 14.60 0.58 55.90 0.50 4.90 0.30 23.40 0.28 
TLCI09#23 14.40 0.58 55.40 0.49 4.10 0.25 23.10 0.28 
TLCI09#24 12.80 0.65 55.30 0.62 2.80 0.22 28.10 0.43 
TLCI09#25 19.40 1.00 39.50 0.45 4.50 0.36 33.60 0.52 
TLCI09#26 21.70 1.35 26.40 0.36 5.60 0.54 39.00 0.74 
TLCI09#27 22.40 1.46 30.70 0.44 5.30 0.53 41.80 0.82 
TLCI09#28 24.10 1.50 36.80 0.51 4.80 0.46 38.80 0.73 
TLCI09#29 26.20 1.61 45.90 0.63 5.10 0.48 36.90 0.69 
TLCI09#30 25.50 1.72 41.50 0.62 5.40 0.56 36.70 0.75 
TLCI09#31 29.90 1.94 45.00 0.65 4.50 0.45 34.70 0.68 
TLCI09#32 39.00 2.21 47.60 0.60 3.90 0.34 39.90 0.68 
TLCI09#33 34.00 2.26 38.70 0.57 3.40 0.35 35.70 0.72 
TLCI09#34 34.90 3.64 33.60 0.78 3.10 0.50 30.20 0.95 
TLCI09#35 43.40 3.33 28.90 0.49 2.40 0.28 32.60 0.76 
TLCI09#36 61.00 3.42 35.70 0.44 3.00 0.26 42.30 0.72 
 
 
 
 
 
214 
 
Continued. 
PTE Se EF-Se Fe* EF-Fe F2-Fe* Mn EF-Mn Re 
DL 0.10   0.01   0.01 1.00   0.001 
TLCI09#1 1.10 2.56 3.49 1.03 1.53 536.00 0.88 0.0060 
TLCI09#2 0.70 1.54 3.73 1.04 2.10 554.00 0.86 0.0080 
TLCI09#3 0.60 1.44 3.52 1.07 1.31 492.00 0.83 0.0080 
TLCI09#4 1.20 2.94 3.4 1.06 1.07 473.00 0.82 0.0050 
TLCI09#5 1.10 3.38 3.44 1.34 1.35 566.00 1.23 0.0070 
TLCI09#6 1.10 2.40 4.06 1.13 1.50 618.00 0.95 0.0170 
TLCI09#7 1.00 2.23 3.85 1.09 1.23 580.00 0.91 0.0040 
TLCI09#8 0.80 1.95 3.52 1.09 1.00 498.00 0.86 0.0070 
TLCI09#9 1.30 2.97 3.56 1.03 0.98 557.00 0.90 0.0060 
TLCI09#10 0.90 2.16 3.51 1.07 ND 510.00 0.86 0.0060 
TLCI09#11 1.10 2.26 4.05 1.06 1.16 578.00 0.84 0.0070 
TLCI09#12 0.80 1.77 3.71 1.05 1.44 548.00 0.86 0.0040 
TLCI09#13 1.10 1.99 4.52 1.04 1.38 635.00 0.81 0.0060 
TLCI09#14 1.00 1.94 4.35 1.07 1.52 604.00 0.83 0.0050 
TLCI09#15 0.70 1.77 4.23 1.36 1.33 606.00 1.08 0.0100 
TLCI09#16 1.00 2.39 4.21 1.28 1.99 2340.00 3.95 0.0090 
TLCI09#17 1.00 2.11 4.34 1.16 1.05 664.00 0.99 0.0060 
TLCI09#18 0.90 1.35 5.78 1.10 1.82 746.00 0.79 0.0060 
TLCI09#19 0.50 0.68 6.27 1.09 2.14 568.00 0.55 0.0010 
TLCI09#20 0.70 0.93 6.78 1.15 ND 476.00 0.45 0.0020 
TLCI09#21 0.60 0.80 6.43 1.09 ND 472.00 0.44 0.0010 
TLCI09#22 0.80 1.07 6.76 1.15 2.56 523.00 0.49 0.0020 
TLCI09#23 0.60 0.80 6.39 1.08 2.32 576.00 0.54 0.0005 
TLCI09#24 0.60 1.01 5.59 1.19 2.12 500.00 0.59 0.0010 
TLCI09#25 0.80 1.37 4.87 1.06 1.62 631.00 0.76 0.0060 
TLCI09#26 1.30 2.70 4.49 1.18 ND 680.00 1.00 0.0070 
TLCI09#27 0.80 1.73 4.28 1.18 1.40 566.00 0.87 0.0110 
TLCI09#28 1.30 2.70 4.12 1.09 2.17 543.00 0.80 0.0090 
TLCI09#29 1.20 2.46 4.23 1.10 1.72 554.00 0.80 0.0090 
TLCI09#30 1.50 3.38 3.88 1.11 1.83 556.00 0.88 0.0100 
TLCI09#31 1.40 3.03 3.75 1.03 2.24 494.00 0.75 0.0080 
TLCI09#32 0.70 1.32 4.49 1.08 1.36 531.00 0.71 0.0070 
TLCI09#33 1.30 2.87 3.84 1.08 1.14 549.00 0.86 0.0100 
TLCI09#34 1.00 3.47 3.16 1.39 1.99 437.00 1.07 0.0130 
TLCI09#35 1.00 2.55 3.64 1.18 2.15 378.00 0.68 0.0080 
TLCI09#36 1.20 2.24 4.74 1.13 1.58 410.00 0.54 0.0060 
 
 
 
 
 
215 
 
Continued. 
PTE EF-Re V EF-V Cd Ba Co Zr Cs 
DL   1.00   0.01 1.00 0.10 1.00 0.05 
TLCI09#1 0.84 90.00 0.96 0.10 107.00 10.40 37.00 1.52 
TLCI09#2 1.06 91.00 0.93 0.20 113.00 11.30 36.00 1.60 
TLCI09#3 1.15 86.00 0.95 0.10 114.00 10.80 36.00 1.60 
TLCI09#4 0.74 93.00 1.05 0.20 112.00 10.60 37.00 1.53 
TLCI09#5 1.29 93.00 1.32 0.20 104.00 10.70 38.00 1.09 
TLCI09#6 2.23 96.00 0.97 0.20 122.00 12.20 42.00 1.68 
TLCI09#7 0.53 97.00 1.00 0.20 122.00 11.80 41.00 1.58 
TLCI09#8 1.02 89.00 1.00 0.20 116.00 10.80 36.00 1.57 
TLCI09#9 0.82 93.00 0.98 0.20 110.00 10.50 41.00 1.54 
TLCI09#10 0.86 91.00 1.01 0.20 119.00 10.90 39.00 1.64 
TLCI09#11 0.86 100.00 0.95 0.10 121.00 11.70 45.00 1.70 
TLCI09#12 0.53 103.00 1.05 0.20 115.00 11.40 37.00 1.53 
TLCI09#13 0.65 119.00 0.99 0.20 137.00 13.70 38.00 1.61 
TLCI09#14 0.58 106.00 0.95 0.20 132.00 13.40 34.00 1.63 
TLCI09#15 1.52 106.00 1.24 0.20 125.00 13.70 34.00 1.22 
TLCI09#16 1.29 85.00 0.94 0.20 164.00 11.50 31.00 1.49 
TLCI09#17 0.76 119.00 1.16 0.20 129.00 14.00 34.00 1.50 
TLCI09#18 0.54 156.00 1.08 0.20 173.00 18.10 43.00 1.73 
TLCI09#19 0.08 167.00 1.05 0.20 167.00 19.80 40.00 1.66 
TLCI09#20 0.16 184.00 1.13 0.20 186.00 20.60 41.00 1.72 
TLCI09#21 0.08 191.00 1.18 0.20 206.00 19.30 42.00 1.63 
TLCI09#22 0.16 181.00 1.11 0.20 241.00 20.40 41.00 1.74 
TLCI09#23 0.04 177.00 1.09 0.30 228.00 19.50 40.00 1.63 
TLCI09#24 0.10 165.00 1.28 0.20 173.00 17.30 41.00 1.34 
TLCI09#25 0.62 136.00 1.07 0.20 117.00 14.40 42.00 1.62 
TLCI09#26 0.87 96.00 0.92 0.20 140.00 13.90 35.00 1.61 
TLCI09#27 1.43 95.00 0.95 0.20 142.00 13.20 35.00 1.67 
TLCI09#28 1.12 102.00 0.98 0.30 131.00 12.60 38.00 1.66 
TLCI09#29 1.11 101.00 0.95 0.30 140.00 12.80 37.00 1.70 
TLCI09#30 1.35 104.00 1.08 0.30 144.00 12.00 34.00 1.55 
TLCI09#31 1.04 102.00 1.02 0.30 132.00 11.60 38.00 1.55 
TLCI09#32 0.79 114.00 0.99 0.40 162.00 14.10 50.00 1.72 
TLCI09#33 1.33 105.00 1.07 0.40 136.00 11.30 40.00 1.64 
TLCI09#34 2.71 81.00 1.30 0.30 117.00 9.70 27.00 1.26 
TLCI09#35 1.23 90.00 1.06 0.40 123.00 10.40 33.00 1.37 
TLCI09#36 0.67 115.00 0.99 0.30 140.00 13.50 46.00 1.81 
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Continued. 
PTE Mo Ce Rb Sn Ho Eu Ga Y 
DL 0.10 0.10 0.20 1.00 0.01 0.05 0.10 0.10 
TLCI09#1 25.20 13.50 21.90 2.00 0.40 0.60 10.90 12.30 
TLCI09#2 26.80 13.40 21.40 2.00 0.40 0.61 11.00 12.10 
TLCI09#3 24.40 13.70 22.20 2.00 0.40 0.56 10.00 11.50 
TLCI09#4 26.10 14.10 22.40 2.00 0.40 0.56 10.80 12.30 
TLCI09#5 25.40 6.90 3.60 2.00 0.40 0.48 11.30 10.00 
TLCI09#6 30.00 14.00 18.50 2.00 0.50 0.65 11.60 12.90 
TLCI09#7 28.30 14.10 20.00 2.00 0.50 0.63 11.80 13.10 
TLCI09#8 26.20 14.40 22.60 2.00 0.40 0.57 10.30 12.10 
TLCI09#9 26.60 13.90 21.40 2.00 0.40 0.61 11.40 12.40 
TLCI09#10 24.60 15.20 23.30 2.00 0.50 0.60 10.70 12.30 
TLCI09#11 30.40 14.90 22.60 2.00 0.50 0.69 12.30 13.50 
TLCI09#12 25.70 14.30 23.10 2.00 0.40 0.58 12.10 13.00 
TLCI09#13 21.90 14.20 22.30 2.00 0.50 0.67 14.40 14.00 
TLCI09#14 23.40 13.50 22.10 2.00 0.50 0.62 12.60 12.70 
TLCI09#15 28.60 8.60 7.80 2.00 0.40 0.47 12.50 11.60 
TLCI09#16 2.10 14.90 20.90 2.00 0.50 0.63 10.50 13.50 
TLCI09#17 25.70 11.70 13.20 2.00 0.50 0.58 13.90 13.50 
TLCI09#18 16.30 17.00 26.70 2.00 0.60 0.75 17.60 17.60 
TLCI09#19 5.00 16.90 25.50 2.00 0.60 0.79 19.40 17.30 
TLCI09#20 1.80 18.10 27.70 2.00 0.70 0.85 21.60 18.90 
TLCI09#21 2.80 17.80 28.10 2.00 0.70 0.91 23.10 19.30 
TLCI09#22 1.90 17.90 28.10 2.00 0.70 0.90 21.20 18.00 
TLCI09#23 1.40 17.60 27.50 2.00 0.70 0.91 21.90 18.40 
TLCI09#24 3.10 13.20 18.70 2.00 0.50 0.59 20.70 13.20 
TLCI09#25 28.20 14.70 22.20 2.00 0.50 0.73 16.00 15.60 
TLCI09#26 29.20 12.50 19.30 2.00 0.50 0.59 11.60 11.90 
TLCI09#27 27.70 14.00 22.50 3.00 0.50 0.58 11.50 12.30 
TLCI09#28 33.70 14.60 23.30 3.00 0.50 0.61 12.60 13.10 
TLCI09#29 42.40 13.90 23.60 3.00 0.50 0.64 12.10 12.90 
TLCI09#30 32.70 13.90 23.20 4.00 0.50 0.58 10.90 12.40 
TLCI09#31 30.30 14.60 20.90 4.00 0.50 0.64 12.20 13.50 
TLCI09#32 27.30 18.10 22.70 4.00 0.60 0.77 13.50 14.70 
TLCI09#33 38.20 14.70 22.20 5.00 0.50 0.62 11.70 13.30 
TLCI09#34 36.30 6.30 9.70 5.00 0.30 0.32 9.80 6.70 
TLCI09#35 31.10 10.70 8.60 6.00 0.40 0.56 10.90 11.30 
TLCI09#36 21.60 16.60 25.10 5.00 0.50 0.69 13.90 14.60 
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Continued. 
PTE Sr Nb Sb La Pr Nd Sm Gd 
DL 0.20 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
TLCI09#1 228.00 0.90 0.50 6.80 2.00 8.50 2.00 2.00 
TLCI09#2 211.00 0.90 0.50 6.80 1.90 8.20 2.00 2.10 
TLCI09#3 210.00 0.80 0.50 7.20 1.90 7.90 1.80 2.00 
TLCI09#4 216.00 0.70 0.50 7.20 2.00 8.30 1.90 1.90 
TLCI09#5 177.00 1.00 0.50 3.10 1.20 5.40 1.50 1.60 
TLCI09#6 206.00 1.10 1.40 7.30 2.00 8.60 2.10 2.30 
TLCI09#7 220.00 1.00 0.60 7.30 2.10 8.80 2.00 2.20 
TLCI09#8 219.00 0.70 0.50 7.40 2.00 8.20 1.90 2.00 
TLCI09#9 219.00 1.00 0.60 7.10 2.00 8.70 2.00 2.10 
TLCI09#10 208.00 0.80 0.60 7.80 2.20 8.80 2.00 2.10 
TLCI09#11 206.00 1.10 0.50 7.70 2.20 9.40 2.20 2.40 
TLCI09#12 207.00 0.90 0.50 7.20 2.10 8.50 1.90 2.00 
TLCI09#13 185.00 1.10 0.80 7.10 2.10 8.80 2.10 2.30 
TLCI09#14 188.00 0.90 0.50 6.70 1.90 8.20 2.00 2.20 
TLCI09#15 193.00 1.00 0.50 4.00 1.30 5.60 1.40 1.80 
TLCI09#16 798.00 0.90 0.60 7.20 2.10 8.80 2.00 2.10 
TLCI09#17 188.00 0.90 0.80 5.60 1.70 7.40 1.80 2.00 
TLCI09#18 170.00 1.30 0.80 8.40 2.40 9.90 2.30 2.70 
TLCI09#19 112.00 1.20 0.70 8.40 2.40 9.90 2.40 2.80 
TLCI09#20 104.00 1.50 0.60 9.00 2.50 10.60 2.60 3.00 
TLCI09#21 114.00 1.70 0.50 8.60 2.50 11.20 2.80 3.10 
TLCI09#22 118.00 1.50 0.60 8.80 2.50 10.40 2.70 3.20 
TLCI09#23 117.00 1.50 0.60 8.40 2.50 11.00 2.80 3.10 
TLCI09#24 95.20 1.40 0.50 6.30 1.80 7.70 1.90 2.00 
TLCI09#25 198.00 1.30 0.50 7.20 2.10 9.00 2.20 2.50 
TLCI09#26 227.00 1.10 0.50 6.20 1.70 7.40 1.90 2.20 
TLCI09#27 254.00 0.90 0.50 6.90 1.90 7.80 1.80 2.00 
TLCI09#28 251.00 1.00 0.50 7.40 2.10 8.80 2.00 2.10 
TLCI09#29 268.00 1.20 0.50 7.00 1.90 8.20 2.00 2.20 
TLCI09#30 304.00 0.80 0.50 7.00 1.90 7.90 1.80 2.10 
TLCI09#31 254.00 1.00 0.50 7.30 2.10 9.00 2.10 2.20 
TLCI09#32 195.00 1.30 0.80 9.40 2.50 10.40 2.40 2.70 
TLCI09#33 256.00 1.00 0.40 7.50 2.10 8.60 2.00 2.20 
TLCI09#34 250.00 0.80 0.30 3.00 0.90 4.10 1.00 1.10 
TLCI09#35 205.00 0.90 0.40 5.40 1.50 6.70 1.70 2.10 
TLCI09#36 188.00 1.20 0.40 8.60 2.30 9.50 2.20 2.40 
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Continued. 
PTE Tb Dy Ti Th U Mg* Al* K* 
DL 0.10 0.10 0.05 0.10 0.10 0.01 0.01 0.01 
TLCI09#1 0.30 1.90 0.23 1.30 4.10 1.99 5.74 0.77 
TLCI09#2 0.30 2.10 0.21 1.40 4.30 1.82 6.05 0.77 
TLCI09#3 0.30 2.10 0.21 1.40 4.30 1.73 5.57 0.78 
TLCI09#4 0.30 2.00 0.22 1.30 4.40 1.72 5.44 0.75 
TLCI09#5 0.30 1.70 0.22 1.00 3.60 1.55 4.34 0.61 
TLCI09#6 0.40 2.30 0.24 1.50 4.80 1.47 6.11 0.68 
TLCI09#7 0.30 2.20 0.23 1.40 4.60 1.62 5.99 0.72 
TLCI09#8 0.30 2.10 0.23 1.40 4.60 1.71 5.47 0.78 
TLCI09#9 0.30 2.00 0.22 1.30 4.30 1.84 5.83 0.75 
TLCI09#10 0.30 2.20 0.21 1.40 4.60 1.68 5.55 0.78 
TLCI09#11 0.40 2.20 0.22 1.50 4.60 1.68 6.49 0.78 
TLCI09#12 0.30 2.00 0.22 1.30 4.30 1.63 6.01 0.72 
TLCI09#13 0.40 2.30 0.23 1.60 3.40 1.68 7.38 0.77 
TLCI09#14 0.40 2.30 0.22 1.50 3.80 1.61 6.88 0.75 
TLCI09#15 0.30 2.00 0.22 1.10 3.60 1.54 5.27 0.67 
TLCI09#16 0.40 2.30 0.37 1.40 2.50 1.74 5.57 0.65 
TLCI09#17 0.30 2.30 0.26 1.40 3.60 1.54 6.33 0.71 
TLCI09#18 0.40 3.00 0.24 1.90 3.00 1.49 8.87 0.83 
TLCI09#19 0.50 3.10 0.17 1.90 1.70 1.51 9.78 0.85 
TLCI09#20 0.50 3.30 0.16 2.10 1.40 1.51 10.00 0.92 
TLCI09#21 0.50 3.20 0.19 2.10 1.20 1.66 10.00 0.92 
TLCI09#22 0.50 3.40 0.17 2.20 1.30 1.55 10.00 1.00 
TLCI09#23 0.50 3.20 0.17 2.00 1.20 1.56 10.00 0.93 
TLCI09#24 0.30 2.30 0.16 1.40 1.10 1.22 7.93 0.73 
TLCI09#25 0.40 2.50 0.25 1.70 4.40 1.55 7.79 0.73 
TLCI09#26 0.40 2.20 0.27 1.50 5.30 1.51 6.43 0.69 
TLCI09#27 0.30 2.30 0.30 1.60 5.40 1.52 6.15 0.72 
TLCI09#28 0.30 2.20 0.29 1.70 5.00 1.59 6.41 0.71 
TLCI09#29 0.40 2.20 0.33 1.50 6.30 1.63 6.51 0.74 
TLCI09#30 0.30 2.20 0.31 1.50 6.50 1.54 5.92 0.71 
TLCI09#31 0.30 2.20 0.28 1.50 5.40 1.57 6.17 0.65 
TLCI09#32 0.40 2.80 0.26 2.20 4.10 1.39 7.07 0.78 
TLCI09#33 0.30 2.20 0.30 1.50 5.90 1.51 6.03 0.71 
TLCI09#34 0.20 1.20 0.30 0.70 3.70 1.45 3.84 0.59 
TLCI09#35 0.30 2.00 0.26 1.30 4.40 1.45 5.22 0.64 
TLCI09#36 0.40 2.60 0.25 1.80 3.60 1.42 7.14 0.78 
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Continued. 
PTE Ca* 
DL 0.01 
TLCI09#1 1.81 
TLCI09#2 1.83 
TLCI09#3 1.84 
TLCI09#4 1.80 
TLCI09#5 1.77 
TLCI09#6 1.97 
TLCI09#7 1.97 
TLCI09#8 1.92 
TLCI09#9 1.79 
TLCI09#10 1.82 
TLCI09#11 1.81 
TLCI09#12 1.73 
TLCI09#13 1.46 
TLCI09#14 1.66 
TLCI09#15 1.85 
TLCI09#16 8.35 
TLCI09#17 1.60 
TLCI09#18 1.35 
TLCI09#19 0.70 
TLCI09#20 0.53 
TLCI09#21 0.60 
TLCI09#22 0.72 
TLCI09#23 0.67 
TLCI09#24 0.57 
TLCI09#25 1.79 
TLCI09#26 2.35 
TLCI09#27 2.63 
TLCI09#28 2.43 
TLCI09#29 2.68 
TLCI09#30 2.95 
TLCI09#31 2.35 
TLCI09#32 2.11 
TLCI09#33 2.34 
TLCI09#34 2.37 
TLCI09#35 2.00 
TLCI09#36 1.54 
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Appendix N 
Supporting Information for Chapter Five 
Surface samples foraminiferal raw counts. 
 
Sample 
TL07
#1 
TL07
#2 
TL07
#3 
TL07
#4 
TL07
#5 
TL07 
#6 
TL07
#7 
TL07
#8 
TL07
#9 
Ammonia beccariia  104 177 238 68 130 165 229 189 217 
Ammobaculites 
agglutinans 
4 3 0 0 0 0 
0 0 0 
Amphistegina 0 0 0 0 0 0 0 0 0 
Archaias 0 0 0 0 1 0 0 0 0 
Articulina mexicana 0 0 0 0 1 0 0 0 0 
Asterigerina carinata 2 0 0 0 0 0 0 0 0 
Bolivina 0 0 0 0 0 0 0 0 0 
Bulimina 0 0 0 0 0 0 0 0 0 
Cornuspira 2 0 0 7 0 2 0 3 0 
Cribroelphidium poeyanum 3 10 1 6 15 0 0 0 5 
Discorbinella 0 0 0 0 0 0 0 0 0 
Discorbis 2 0 0 0 0 0 0 0 0 
Elphidium 0 0 0 0 0 0 0 0 0 
Elphidium crispum 0 0 4 0 1 0 0 0 1 
E. discoidale 3 5 0 0 0 0 0 3 0 
Eponides 0 0 0 0 1 0 0 0 0 
Fissurina 0 0 0 0 0 0 0 0 0 
Florilus grateloupi 3 0 0 11 1 3 0 0 0 
Fursenkoina punctata 0 0 0 0 0 0 0 0 0 
Heterostegina antillana 0 0 0 0 0 0 0 0 0 
Laevipeneroplis 0 0 0 0 0 0 0 0 0 
Lobatula 3 0 0 0 0 0 0 0 0 
Massilina  5 0 0 16 10 6 5 10 1 
Miliolinella 0 0 0 0 1 0 0 0 0 
Nonion  1 0 0 15 0 0 0 0 9 
Peneroplis 0 0 0 0 0 0 0 0 0 
Pyrgo 0 0 0 0 0 0 0 0 0 
Quinqueloculina sp. 0 0 0 0 0 0 0 0 0 
Q. agglutinans 2 0 0 0 0 0 0 0 0 
Q. bosciana 0 0 0 5 0 0 0 0 0 
Q. bicostata 6 0 0 0 0 0 0 0 0 
Q. candeiana 0 0 0 0 0 0 0 0 0 
Q. linneiana 0 0 0 0 0 0 0 0 0 
Q. polygona 0 0 0 0 0 0 0 1 0 
Q. rhodiensis 55 15 12 17 10 30 22 23 3 
Q. seminula 44 0 0 30 0 0 0 0 0 
Reusella 1 0 0 0 0 0 0 0 0 
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Continued. 
 
Sample 
TL07
#1 
TL07
#2 
TL07
#3 
TL07
#4 
TL07
#5 
TL07 
#6 
TL07
#7 
TL07
#8 
TL07
#9 
Rosalina 0 0 0 0 0 0 0 0 0 
Siphonina bradyana 0 0 1 0 0 0 0 0 0 
Spiroloculina 0 0 0 0 0 0 0 0 0 
Textularia agglutinans 1 0 0 0 0 0 0 0 0 
Trochammina 0 0 0 0 0 0 0 0 0 
Triloculina 1 0 0 0 0 10 0 0 4 
T. bicarinata 0 0 0 0 0 0 0 0 0 
T. laevigata 2 1 0 0 0 0 0 0 0 
T. oblonga 29 30 6 10 30 0 30 14 4 
T. sidebottomi 0 0 0 0 0 0 0 0 0 
T. tricarinata 1 0 0 0 0 0 0 0 0 
T. trigonula 1 2 0 8 1 15 3 4 0 
Vertebralina 0 0 0 0 0 0 0 0 0 
        0 0 
Deformed Foraminifera 16 28 0 0 0 0 0 14 0 
Total forams 291 271 262 193 202 231 289 261 244 
Species Richnes (S) 22 8 6 11 12 7 5 8 8 
Foram Density (FD) 36 68 52 19 34 46 58 52 24 
Shannon Index [H(S)] 1.94 0.99 0.42 2.05 1.24 1.01 0.73 0.91 0.54 
Equitability Index (E) 0.32 0.34 0.25 0.70 0.29 0.39 0.42 0.31 0.21 
 
 
 
 
 
 
 
 
 
 
 
 
 
222 
 
Continued. 
 
Sample 
TL07
#10 
TL07
#11 
TL07
#12 
TL07 
#13 
TL07
#14 
TL07 
#13 
TL07
#14 
TL07
#15 
TL07
#16 
Ammonia beccariia  262 230 10 160 94 160 94 8 117 
Ammobaculites 
agglutinans 0 0 0 0 0 0 0 0 29 
Amphistegina 0 0 6 11 0 11 0 13 0 
Archaias 1 0 4 2 0 2 0 8 0 
Articulina mexicana 0 0 0 0 0 0 0 0 0 
Asterigerina carinata 0 0 2 5 0 5 0 1 0 
Bolivina 0 0 0 0 0 0 0 0 0 
Bulimina 0 0 0 0 0 0 0 0 0 
Cornuspira 0 1 0 0 5 0 5 0 0 
Cribroelphidium poeyanum 0 2 0 0 0 0 0 0 0 
Discorbinella 0 0 0 1 0 1 0 0 6 
Discorbis 0 0 0 15 0 15 0 1 0 
Elphidium 1 0 0 0 1 0 1 0 2 
Elphidium crispum 0 0 1 1 0 1 0 1 0 
E. discoidale 5 0 0 0 0 0 0 0 0 
Eponides 0 0 4 0 0 0 0 0 0 
Fissurina 0 0 0 0 0 0 0 0 0 
Florilus grateloupi 0 2 0 0 0 0 0 0 0 
Fursenkoina punctata 0 0 0 0 0 0 0 0 0 
Heterostegina antillana 0 0 1 0 0 0 0 0 0 
Laevipeneroplis 0 0 0 0 0 0 0 1 0 
Lobatula 0 0 0 0 0 0 0 0 0 
Massilina  2 0 0 3 0 3 0 0 0 
Miliolinella 0 0 0 5 0 5 0 0 2 
Nonion  0 10 0 0 2 0 2 0 0 
Peneroplis 0 0 0 0 0 0 0 0 0 
Pyrgo 0 0 0 1 0 1 0 0 0 
Quinqueloculina sp. 10 0 0 7 20 7 20 0 0 
Q. agglutinans 0 0 0 0 0 0 0 0 0 
Q. bosciana 0 4 0 0 10 0 10 0 4 
Q. bicostata 0 0 0 0 0 0 0 0 0 
Q. candeiana 0 0 0 2 0 2 0 0 0 
Q. linneiana 0 0 0 0 0 0 0 0 0 
Q. polygona 0 0 0 0 0 0 0 0 0 
Q. rhodiensis 4 38 1 0 45 0 45 1 50 
Q. seminula 0 0 0 0 15 0 15 0 0 
Reusella 0 0 0 0 0 0 0 0 0 
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Continued. 
 
Sample 
TL07
#10 
TL07
#11 
TL07
#12 
TL07 
#13 
TL07
#14 
TL07 
#13 
TL07
#14 
TL07
#15 
TL07
#16 
Rosalina 0 0 1 4 4 4 4 0 0 
Siphonina bradyana 0 0 0 0 0 0 0 0 0 
Spiroloculina 0 0 0 0 0 0 0 0 0 
Textularia agglutinans 0 0 0 0 0 0 0 0 0 
Trochammina 0 0 0 0 1 0 1 0 0 
Triloculina 0 6 0 8 15 8 15 0 0 
T. bicarinata 0 0 1 0 0 0 0 0 0 
T. laevigata 0 0 0 0 0 0 0 0 0 
T. oblonga 13 0 0 0 10 0 10 0 5 
T. sidebottomi 0 0 0 0 0 0 0 0 10 
T. tricarinata 0 0 1 0 0 0 0 0 0 
T. trigonula 2 0 2 3 0 3 0 1 0 
Vertebralina 0 0 0 0 0 0 0 1 0 
 0 0 0 0 0 0 0 0 0 
Deformed Foraminifera 0 7 0 0 0 0 0 0 43 
Total forams 300 300 34 228 222 228 222 36 268 
Species Richnes (S) 9 8 12 15 12 15 12 10 9 
Foram Density (FD) 60 50 7 45 44 45 44 4 65 
Shannon Index [H(S)] 0.60 0.80 2.13 1.31 1.80 1.31 1.80 1.73 1.41 
Equitability Index (E) 0.20 0.28 0.70 0.25 0.50 0.25 0.50 0.57 0.46 
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Continued. 
 
Sample 
TL09
#1 
TL09
#2 
TL09
#3 
TL09
#4 
TL09
#5 
TL09
#6 
TL09
#7 
TL09
#8 
TL09
#9 
Ammonia beccariia  50 100 86 5 52 10 23 65 110 
Ammobaculites 
agglutinans 3 7 3 1 3 0 0 8 0 
Amphistegina 0 0 0 0 0 20 0 1 0 
Archaias 0 0 0 0 0 3 0 0 0 
Articulina mexicana 0 0 0 0 0 1 0 0 0 
Asterigerina carinata 0 0 0 0 0 4 0 0 0 
Bolivina 0 0 0 0 0 1 1 0 0 
Bulimina 1 0 0 0 0 0 0 0 0 
Cornuspira 1 1 0 0 1 0 2 0 0 
Cribroelphidium poeyanum 0 0 0 0 0 0 0 0 0 
Discorbinella 0 0 0 0 0 0 0 4 0 
Discorbis 0 0 0 0 0 40 0 1 0 
Elphidium 1 2 0 0 0 0 0 2 0 
Elphidium crispum 0 1 0 0 0 0 0 0 0 
E. discoidale 0 2 0 2 3 0 3 0 3 
Eponides 0 0 0 0 0 0 0 0 0 
Fissurina 3 0 0 0 0 0 0 0 0 
Florilus grateloupi 2 0 0 0 2 0 3 2 0 
Fursenkoina punctata 5 0 0 0 0 0 2 0 0 
Heterostegina antillana 0 0 0 0 0 2 0 0 0 
Laevipeneroplis 0 0 0 0 0 0 0 0 0 
Lobatula 0 0 0 0 0 0 0 0 0 
Massilina  0 0 0 0 0 0 0 0 0 
Miliolinella 0 0 0 0 0 1 0 0 0 
Nonion  0 0 0 0 0 0 0 0 10 
Peneroplis 0 0 0 0 0 6 0 0 0 
Pyrgo 0 0 0 0 0 0 0 0 0 
Quinqueloculina sp. 0 0 12 0 0 0 0 0 0 
Q. agglutinans 0 0 0 0 1 0 0 0 0 
Q. bosciana 0 0 7 2 5 0 0 0 3 
Q. bicostata 0 0 0 0 0 0 0 0 0 
Q. candeiana 0 0 0 0 0 0 0 0 0 
Q. linneiana 0 0 0 0 0 0 0 0 0 
Q. polygona 0 0 0 0 0 2 0 0 0 
Q. rhodiensis 20 19 15 0 30 2 22 12 10 
Q. seminula 24 6 0 0 0 0 0 0 0 
Reusella 0 0 0 0 0 0 0 0 0 
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Continued. 
 
Sample 
TL09
#1 
TL09
#2 
TL09
#3 
TL09
#4 
TL09
#5 
TL09
#6 
TL09
#7 
TL09
#8 
TL09
#9 
Rosalina 1 0 0 0 0 3 0 0 0 
Siphonina bradyana 0 0 0 0 0 0 0 0 0 
Spiroloculina 0 0 0 0 0 1 0 0 0 
Textularia agglutinans 0 0 0 0 0 0 0 0 0 
Trochammina 0 0 0 0 0 0 0 0 0 
Triloculina 0 0 0 0 0 0 0 0 0 
T. bicarinata 0 0 0 0 0 3 0 0 0 
T. laevigata 1 0 0 0 0 0 15 0 5 
T. oblonga 8 0 22 4 39 3 56 12 21 
T. sidebottomi 0 0 0 0 0 1 0 0 0 
T. tricarinata 3 0 0 0 0 5 2 0 0 
T. trigonula 0 0 0 0 0 3 1 5 2 
Vertebralina 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0 0 0 0 
Deformed Foraminifera 17 14 0 3 22 0 0 24 6 
Total forams 140 152 145 17 158 111 130 136 170 
Species Richnes (S) 14 8 6 5 9 19 11 10 8 
Foram Density (FD) 29 13 12 4 14 11 11 40 21 
Shannon Index [H(S)] 1.82 0.99 1.26 1.47 1.48 2.23 1.66 1.47 1.18 
Equitability Index (E) 0.44 0.34 0.59 0.87 0.49 0.49 0.48 0.43 0.41 
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Continued. 
 
Sample 
TL09
#10 
TL09
#11 
TL09
#12 
TL09
#13 
TL09
#14 
TL09
#15 
TL09
#16 
TL09
#17 
TL09
#18 
Ammonia beccariia  65 74 66 103 100 163 100 119 0 
Ammobaculites 
agglutinans 5 27 14 7 16 0 3 3 9 
Amphistegina 0 0 0 0 0 0 0 0 1 
Archaias 0 0 0 0 0 0 0 0 0 
Articulina mexicana 0 0 0 0 0 0 0 0 0 
Asterigerina carinata 0 0 0 0 0 0 0 0 0 
Bolivina 2 3 0 0 0 0 0 0 0 
Bulimina 0 0 0 0 0 0 0 0 0 
Cornuspira 2 0 0 0 0 0 0 0 0 
Cribroelphidium poeyanum 0 2 5 3 3 2 0 0 0 
Discorbinella 0 0 0 0 0 0 0 0 0 
Discorbis 0 0 0 0 0 0 0 0 0 
Elphidium 0 4 2 1 0 3 3 0 3 
Elphidium crispum 0 0 0 0 0 0 0 0 0 
E. discoidale 1 2 5 0 0 0 0 0 0 
Eponides 0 0 0 0 0 0 0 0 0 
Fissurina 0 0 0 0 0 0 0 0 0 
Florilus grateloupi 2 0 0 1 0 0 0 0 2 
Fursenkoina punctata 0 0 0 0 0 0 0 0 0 
Heterostegina antillana 0 0 0 0 0 0 0 0 0 
Laevipeneroplis 0 0 0 0 0 0 0 0 0 
Lobatula 0 0 0 0 0 0 0 0 0 
Massilina  0 0 0 0 0 0 0 0 0 
Miliolinella 0 0 0 0 0 1 0 0 0 
Nonion  2 5 0 0 0 0 4 0 2 
Peneroplis 0 0 0 0 0 0 0 0 0 
Pyrgo 0 0 0 0 0 0 0 0 0 
Quinqueloculina sp. 0 0 0 3 3 0 0 10 0 
Q. agglutinans 0 0 0 0 0 0 0 0 0 
Q. bosciana 0 0 0 0 0 0 0 0 0 
Q. bicostata 0 0 0 0 0 0 0 0 0 
Q. candeiana 0 0 0 0 0 0 0 0 0 
Q. linneiana 0 0 0 0 0 0 0 0 0 
Q. polygona 0 0 0 0 0 0 0 0 0 
Q. rhodiensis 18 6 15 12 16 5 6 22 0 
Q. seminula 0 0 0 0 0 0 0 0 0 
Reusella 1 0 0 0 0 0 0 0 0 
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Continued. 
 
Sample 
TL09
#10 
TL09
#11 
TL09
#12 
TL09
#13 
TL09
#14 
TL09
#15 
TL09
#16 
TL09
#17 
TL09
#18 
Rosalina 0 0 0 0 0 0 0 0 2 
Siphonina bradyana 0 0 0 0 0 0 0 0 0 
Spiroloculina 0 0 0 0 0 0 0 0 0 
Textularia agglutinans 0 0 0 0 0 0 0 0 0 
Trochammina 0 0 0 0 0 0 0 0 0 
Triloculina 0 0 0 0 0 0 0 0 0 
T. bicarinata 0 0 0 0 0 0 0 0 0 
T. laevigata 0 0 0 0 0 0 0 0 0 
T. oblonga 15 12 7 10 8 7 15 9 0 
T. sidebottomi 0 0 0 0 0 0 0 0 0 
T. tricarinata 2 0 0 0 0 0 0 0 0 
T. trigonula 0 0 2 0 0 0 0 0 12 
Vertebralina 0 1 0 0 0 0 0 0 0 
 0 0 0 0 0 0 0   
Deformed Foraminifera 25 19 23 15 15 5 0 7 0 
Total forams 140 155 139 155 161 186 131 170 31 
Species Richnes (S) 8 6 6 6 5 7 8 6 6 
Foram Density (FD) 27 10 50 12 7 8 10 9 5 
Shannon Index [H(S)] 1.01 1.06 0.47 0.88 0.90 1.59 1.01 1.06 0.47 
Equitability Index (E) 0.34 0.48 0.27 0.40 0.49 0.70 0.34 0.48 0.27 
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Continued. 
 
Sample 
TL09
#19 
Ammonia beccariia  63 
Ammobaculites 
agglutinans 0 
Amphistegina 0 
Archaias 0 
Articulina mexicana 0 
Asterigerina carinata 0 
Bolivina 1 
Bulimina 0 
Cornuspira 0 
Cribroelphidium poeyanum 0 
Discorbinella 0 
Discorbis 0 
Elphidium 0 
Elphidium crispum 0 
E. discoidale 0 
Eponides 0 
Fissurina 0 
Florilus grateloupi 0 
Fursenkoina punctata 0 
Heterostegina antillana 0 
Laevipeneroplis 0 
Lobatula 0 
Massilina  0 
Miliolinella 1 
Nonion  0 
Peneroplis 0 
Pyrgo 0 
Q. agglutinans 0 
Q. bosciana 0 
Q. bicostata 0 
Q. cf. candeiana 0 
Q. cf. linneiana 0 
Q. cf polygona 1 
Q. cf. rhodiensis 0 
Q. cf seminula 65 
Reusella 25 
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Continued. 
 
Sample 
TL09
#19 
Rosalina 0 
Siphonina bradyana 0 
Spiroloculina 0 
Textularia agglutinans 0 
Trochammina 0 
Triloculina 1 
T. bicarinata 0 
T. laevigata 1 
T. oblonga 0 
T. sidebottomi 0 
T. tricarinata 0 
T. trigonula 0 
Vertebralina 0 
 0 
Deformed Foraminifera 4 
Total forams 162 
Species Richnes (S) 8 
Foram Density (FD) 13 
Shannon Index [H(S)] 1.18 
Equitability Index (E) 0.41 
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Appendix O 
Supporting Information for Chapter Five 
Core TLCI07 samples foraminiferal raw counts. 
 
Sample 
TLCI07
#1 
TLCI07
#2 
TLCI07
#3 
TLCI07
#4 
TLCI07
#5 
TLCI07 
#6 
TLCI07
#7 
TLCI07
#8 
Ammonia beccarii. 114 116 148 110 83 136 138 114 
Ammobaculitesagglu
tinans 37 30 26 36 58 45 45 42 
Brizalina sp. 0 0 0 0 0 0 0 0 
Cornuspira sp. 0 0 1 1 0 0 2 1 
Discorbinella sp. 0 0 0 2 0 0 0 1 
Elphidium sp. 0 4 0 2 7 3 0 3 
Elphidium crispum 1 1 1 0 0 1 1 0 
E.discoidale 11 15 9 14 7 9 7 5 
E. fibriatulum 0 0 0 0 0 0 0 0 
E. poeyanum 0 0 0 3 2 4 2 2 
Fursenkoina sp. 0 0 0 0 0 0 0 0 
Florilus sp. 1 3 2 0 0 2 2 3 
Miliolinella sp. 0 1 0 0 0 1 0 0 
Quinqueloculina sp. 6 6 0 12 12 10 5 8 
Q. agglutinans 0 0 1 0 0 0 0 2 
Q. rhodiensis 27 33 27 32 46 30 15 23 
Q. linneiana 1 0 2 0 0 0 0 0 
Q. candeiana 0 0 0 0 0 0 0 0 
Rosalina sp. 0 0 1 0 0 0 0 0 
Triloculina sp. 5 22 25 20 6 22 6 15 
T. trigonula 0 0 0 0 1 0 0 0 
         
Deformed Foram. 0 0 0 0 0 1 1 0 
Total forams 203 231 243 232 222 263 223 219 
Species Richnes (S) 9 10 11 10 9 11 10 12 
Foram Density (FD) 66 58 60 58 56 62 55 52 
Shannon Index 
[H(S)] 
1.33 1.56 1.31 1.61 1.59 1.53 1.24 1.54 
Equitability Index (E) 0.42 0.48 0.34 0.50 0.54 0.42 0.35 0.39 
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Continued. 
 
Sample 
TLCI07
#9 
TLCI07
#10 
TLCI07
#11 
TLCI07
#12 
TLCI07
#13 
TLCI07 
#14 
TLCI07
#15 
TLCI07
#16 
Ammonia beccarii. 148 126 155 165 191 206 212 255 
Ammobaculitesagglu
tinans 33 51 48 37 16 12 17 4 
Brizalina sp. 0 0 0 0 0 0 2 3 
Cornuspira sp. 0 0 0 0 0 0 1 0 
Discorbinella sp. 0 2 0 0 0 0 0 2 
Elphidium sp. 8 4 2 3 7 2 3 1 
Elphidium crispum 0 2 0 0 1 1 0 0 
E.discoidale 8 9 7 12 14 11 21 18 
E. fibriatulum 0 0 0 0 0 0 0 1 
E. poeyanum 2 6 5 11 3 5 5 4 
Fursenkoina sp. 0 0 1 0 0 0 0 0 
Florilus sp. 0 1 3 0 6 3 4 7 
Miliolinella sp. 1 0 0 0 0 0 0 0 
Quinqueloculina sp. 0 7 5 6 0 0 9 3 
Q. agglutinans 0 0 0 0 0 0 0 0 
Q. rhodiensis 34 38 39 25 14 5 0 4 
Q. linneiana 0 0 0 0 0 0 0 0 
Q. candeiana 0 0 0 0 0 1 0 0 
Rosalina sp. 0 0 0 1 1 0 2 0 
Triloculina sp. 8 10 0 12 11 15 0 1 
T. trigonula 0 2 0 4 0 1 3 4 
         
Deformed Foram. 0 0 0 0 0 0 0 7 
Total forams 242 258 265 276 264 262 279 307 
Species Richnes (S) 8 12 9 10 10 11 11 13 
Foram Density (FD) 59 63 64 67 64 63 67 75 
Shannon Index 
[H(S)] 
1.25 1.58 1.26 1.41 1.12 0.93 1.01 0.81 
Equitability Index (E) 0.44 0.40 0.39 0.41 0.31 0.23 0.25 0.17 
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Continued. 
 
Sample 
TLCI07
#17 
TLCI07
#19 
TLCI07
#20 
TLCI07
#21 
TLCI07
#22 
TLCI07 
#23 
TLCI07
#24 
TLCI07
#26 
Ammonia beccarii. 223 207 213 230 243 203 236 221 
Ammobaculitesagglu
tinans 0 1 2 5 0 3 1 4 
Brizalina sp. 6 4 0 4 7 0 3 3 
Cornuspira sp. 0 0 0 0 0 2 0 1 
Discorbinella sp. 1 1 0 0 0 0 0 0 
Elphidium sp. 1 0 5 4 8 6 4 6 
Elphidium crispum 1 0 0 0 0 0 1 0 
E.discoidale 32 1 26 20 18 17 28 15 
E. fibriatulum 0 0 0 0 0 0 0 0 
E. poeyanum 3 0 12 10 9 19 17 21 
Fursenkoina sp. 0 2 0 1 0 0 0 0 
Florilus sp. 1 3 1 6 0 11 3 6 
Miliolinella sp. 0 0 0 0 0 0 0 0 
Quinqueloculina sp. 15 5 5 10 6 0 4 6 
Q. agglutinans 0 0 0 0 0  0 0 
Q. rhodiensis 4 5 6 0 13 1 0 8 
Q. linneiana 0 0 0 0 0 0 0 0 
Q. candeiana 0 0 1 1 0 0 0 0 
Rosalina sp. 0 1 0 0 0 2 1 0 
Triloculina sp. 0 0 0 0 0 13 6 8 
T. trigonula 4 3 0 2 6 7 2 5 
         
Deformed Foram. 0 4 4 0 0 0 0 0 
Total forams 291 233 271 293 310 284 306 304 
Species Richnes (S) 11 11 9 11 8 11 12 12 
Foram Density (FD) 71 58 67 72 76 71 76 76 
Shannon Index 
[H(S)] 
0.92 0.59 0.86 0.94 0.92 1.17 0.95 1.18 
Equitability Index (E) 0.23 0.16 0.26 0.23 0.32 0.29 0.22 0.27 
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Continued. 
 
Sample 
TLCI07
#28 
TLCI07
#29 
Ammonia beccarii. 177 197 
Ammobaculitesagglu
tinans 18 3 
Brizalina sp. 0 0 
Cornuspira sp. 0 0 
Discorbinella sp. 0 0 
Elphidium sp. 19 9 
Elphidium crispum 1 1 
E.discoidale 9 9 
E. fibriatulum 0 0 
E. poeyanum 17 24 
Fursenkoina sp. 0 0 
Florilus sp. 6 9 
Miliolinella sp. 0 0 
Quinqueloculina sp. 4 5 
Q. agglutinans 0 0 
Q. rhodiensis 19 16 
Q. linneiana 0 0 
Q. candeiana 1 0 
Rosalina sp. 0 0 
Triloculina sp. 2 9 
T. trigonula 2 3 
   
Deformed Foram. 0 1 
Total forams 277 285 
Species Richnes (S) 12 11 
Foram Density (FD) 68 62 
Shannon Index 
[H(S)] 
1.37 1.25 
Equitability Index (E) 0.33 0.32 
 
 
 
 
 
 
234 
 
 
 
Appendix P 
Supporting Information for Chapter Five 
Core TLCI09 samples foraminiferal raw counts. 
 
Sample 
TLCI09
#1 
TLCI09
#2 
TLCI09
#3 
TLCI09
#4 
TLCI09
#5 
TLCI09 
#6 
TLCI09
#7 
TLCI09
#8 
Ammonia beccarii. 0 5 0 0 0 9 8 2 
Ammobaculites 
agglutinans 0 0 0 0 0 3 1 0 
Bolivina sp. 0 0 0 0 0 0 0 0 
Cornuspira sp. 0 0 0 0 0 0 0 0 
Cyclogira planorbis 0 1 0 0 0 0 0 0 
Elphidium sp. 0 0 0 0 0 0 0 0 
E. crispum 0 0 0 0 0 0 3 0 
E.discoidale 0 0 0 0 0 0 0 2 
Fursenkoina 
punctate 
0 0 0 0 0 0 0 1 
Miliolinella sp. 0 0 0 0 0 0 0 0 
Nonion sp. 0 1 0 0 0 0 0 1 
Quinqueloculina sp. 0 0 0 0 0 0 1 0 
Q. bosciana 0 0 0 0 0 0 0 4 
Q. lamarkiana 1 0 0 0 0 0 1 0 
Q. linneiana 0 0 0 0 0 0 0 0 
Q. rhodiensis 0 26 0 0 0 5 2 1 
Q. seminula 0 94 0 0 0 3 4 0 
Reusella sp. 0 0 0 0 0 0 0 0 
Rosalina sp. 0 0 0 0 0 0 0 0 
Triloculina sp. 0 0 0 0 0 0 0 0 
T. laevigata 0 0 0 0 0 1 1 0 
T. oblonga 1 0 0 0 0 0 0 0 
T. trigonula 0 0 0 0 0 0 0 0 
         
Deformed Foram. 0 0 0 0 0 1 1 0 
Total forams 2 127 0 0 0 22 22 11 
Species Richnes (S) 2 5 0 0 0 5 8 6 
Foram Density (FD) 1 23 0 0 0 5 8 4 
Shannon Index 
[H(S)] 
0.69 0.75 0.00 0.00 0.00 1.41 1.77 1.64 
Equitability Index (E) 1.00 0.42 0.00 0.00 0.00 0.82 0.73 0.86 
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Continued. 
 
Sample 
TLCI09
#9 
TLCI09
#11 
TLCI09
#12 
TLCI09
#13 
TLCI09
#14 
TLCI09 
#15 
TLCI09
#16 
TLCI09
#17 
Ammonia beccarii. 8 0 0 0 1 0 1 0 
Ammobaculites 
agglutinans 1 0 0 0 2 0 0 0 
Bolivina sp. 1 0 0 0 0 0 15 0 
Cornuspira sp. 0 0 0 0 0 0 1 0 
Cyclogira planorbis 0 0 0 0 0 0 7 0 
Elphidium sp. 0 0 0 0 0 0 1 0 
E. crispum 0 0 0 0 0 0 0 0 
E.discoidale 0 0 0 0 0 0 4 0 
Fursenkoina 
punctate 
0 0 0 0 0 0 0 0 
Miliolinella sp. 0 0 0 0 0 0 0 0 
Nonion sp. 2 0 0 0 0 0 6 0 
Quinqueloculina sp. 0 0 0 0 0 0 1 0 
Q. bosciana 0 0 0 0 0 0 9 0 
Q. lamarkiana 0 0 0 0 2 0 0 0 
Q. linneiana 0 0 0 0 0 0 0 0 
Q. rhodiensis 1 0 0 0 0 1 16 0 
Q. seminula 3 0 0 0 2 0 3 0 
Reusella sp. 0 0 0 0 0 0 11 0 
Rosalina sp. 3 0 0 0 0 1 0 0 
Triloculina sp. 0 0 0 0 1 1 0 0 
T. laevigata 4 0 0 0 0 0 45 0 
T. oblonga 0 0 0 0 0 0 0 0 
T. trigonula 0 0 0 0 0 0 0 0 
         
Deformed Foram. 0 0 0 0 0 0 7 0 
Total forams 23 0 0 0 8 3 127 0 
Species Richnes (S) 8 0 0 0 5 3 13 0 
Foram Density (FD) 7 0 0 0 1 0 19 0 
Shannon Index 
[H(S)] 
1.82 0.00 0.00 0.00 1.56 1.10 1.99 0.00 
Equitability Index (E) 0.77 0.00 0.00 0.00 0.95 1.00 0.56 0.00 
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Continued. 
 
Sample 
TLCI09
#18 
TLCI09
#19 
TLCI09
#21 
TLCI09
#22 
TLCI09
#23 
TLCI09 
#24 
TLCI09
#25 
TLCI09
#27 
Ammonia beccarii. 22 63 0 0 0 1 11 6 
Ammobaculites 
agglutinans 2 0 0 0 0 0 2 8 
Bolivina sp. 0 1 0 0 0 0 0 0 
Cornuspira sp. 0 0 0 0 0 0 0 0 
Cyclogira planorbis 0 0 0 0 0 0 0 0 
Elphidium sp. 0 0 0 0 0 0 0 0 
E. crispum 0 0 0 0 0 0 0 0 
E.discoidale 5 0 0 0 0 0 1 1 
Fursenkoina 
punctate 
0 0 0 0 0 0 0 0 
Miliolinella sp. 3 1 0 0 0 0 0 0 
Nonion sp. 0 0 0 0 0 0 0 3 
Quinqueloculina sp. 0 0 0 0 0 0 0 0 
Q. bosciana 2 0 0 0 0 0 5 1 
Q. lamarkiana 0 0 0 0 0 0 2 0 
Q. linneiana 0 1 0 0 0 0 0 0 
Q. rhodiensis 6 65 0 0 0 0 0 8 
Q. seminula 8 25 0 0 0 0 16 0 
Reusella sp. 0 0 0 0 0 0 0 0 
Rosalina sp. 0 0 0 0 0 0 0 0 
Triloculina sp. 0 1 0 0 0 0 0 0 
T. laevigata 1 1 0 0 0 0 6 11 
T. oblonga 0 0 0 0 0 0 0 0 
T. trigonula 0 0 0 0 0 0 0 0 
         
Deformed Foram. 0 2 4 0 0 0 0 3 
Total forams 51 162 0 0 0 1 43 41 
Species Richnes (S) 8 8 0 0 0 1 7 7 
Foram Density (FD) 5 16 0 0 0 0 6 7 
Shannon Index 
[H(S)] 
1.66 1.18 0.00 0.00 0.00 0.00 1.61 1.70 
Equitability Index (E) 0.66 0.41 0.00 0.00 0.00 1.00 0.72 0.78 
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Continued. 
 
Sample 
TLCI09
#28 
TLCI09
#29 
TLCI09
#30 
TLCI09
#31 
TLCI09
#32 
TLCI09 
#33 
TLCI09
#34 
TLCI09
#35 
Ammonia beccarii. 3 0 24 2 0 0 0 5 
Ammobaculites 
agglutinans 10 0 0 1 0 0 0 0 
Bolivina sp. 0 0 0 0 0 0 0 0 
Cornuspira sp. 1 0 0 0 0 0 0 0 
Cyclogira planorbis 0 0 0 0 0 0 0 0 
Elphidium sp. 0 0 0 0 0 0 0 0 
E. crispum 0 0 0 0 0 0 0 0 
E.discoidale 1 0 0 1 0 0 0 0 
Fursenkoina 
punctate 
0 0 0 0 0 0 0 0 
Miliolinella sp. 0 0 5 0 0 0 0 0 
Nonion sp. 0 0 0 0 0 0 0 0 
Quinqueloculina sp. 0 0 0 1 0 0 0 0 
Q. bosciana 1 0 5 0 0 0 0 0 
Q. lamarkiana 0 0 7 0 0 0 0 0 
Q. linneiana 0 0 0 0 0 0 0 0 
Q. rhodiensis 3 0 1 3 0 0 0 1 
Q. seminula 7 0 12 0 0 0 0 1 
Reusella sp. 0 0 0 0 0 0 0 0 
Rosalina sp. 0 0 0 0 0 0 0 0 
Triloculina sp. 2 0 0 0 0 0 0 0 
T. laevigata 0 0 0 0 0 0 0 0 
T. oblonga 0 0 0 0 0 0 0 0 
T. trigonula 1 0 0 2 0 0 0 0 
         
Deformed Foram. 1 0 0 0 0 0 0 0 
Total forams 30 0 54 10 0 0 0 7 
Species Richnes (S) 9 0 6 6 0 0 0 3 
Foram Density (FD) 4 0 5 1 0 0 0 2 
Shannon Index 
[H(S)] 
1.83 0.00 1.47 1.70 0.00 0.00 0.00 0.80 
Equitability Index (E) 0.69 0.00 0.73 0.91 0.00 0.00 0.00 0.74 
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Continued. 
 
Sample 
TLCI09
#368 
Ammonia beccarii. 3 
Ammobaculites 
agglutinans 0 
Bolivina sp. 0 
Cornuspira sp. 0 
Cyclogira planorbis 0 
Elphidium sp. 0 
E. crispum 0 
E.discoidale 0 
Fursenkoina 
punctate 
0 
Miliolinella sp. 0 
Nonion sp. 0 
Quinqueloculina sp. 0 
Q. bosciana 0 
Q. lamarkiana 0 
Q. linneiana 0 
Q. rhodiensis 0 
Q. seminula 3 
Reusella sp. 0 
Rosalina sp. 0 
Triloculina sp. 0 
T. laevigata 0 
T. oblonga 0 
T. trigonula 0 
  
Deformed Foram. 0 
Total forams 6 
Species Richnes (S) 2 
Foram Density (FD) 1 
Shannon Index 
[H(S)] 
0.69 
Equitability Index (E) 1 
 
 
 
 
 
